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ABSTRACT 
The transport and emplacement mechanisms of the highly energetic pyroclastic 
density current (PDC) generated in the blast style eruption of Soufriere Hills 
Volcano, Montserrat, on 26 December 1997 are examined through detailed 
lithological lnapping and seditnentological analysis of the deposits. The PDC 
fonncd deposits which range in grain size fronl coarse breccias to fine ash, with 
distinctive bipartite layering and well-developed grading and stratification. On a 
large scale the PDe was highly erosive, sculpting large bedfoflns and depositing 
relatively thin deposits. However, locally, centiInctre scale topographic 
protuberances were responsible for significant variations in deposit thickness, 
grain size, and the development of dune bedforms. The strong lateral and vertical 
lithofacies variations are attributed to wel1~devel()ped density stratification, which 
fonned during explosive expansion of the dome prior to PDC forn1ation. 
Experinlcntal Inodelling of stratified inertial gravity currents was carried out to 
investigate the effects of density stratification prior to release of the current. The 
degree of stratification governs the rate of nlixing in the current, which in turn 
int1uenccs the velocity. Well·stratified currents initially rnove faster than 
homogenous currents but are slower in the latter stages of current propagation. 
The results have in1portant implications for deposition from particle-laden flows, 
which Il1ay heconlc stra.tificd with coarser mtiterial concentrated at the base of the 
current. 
The role of PDCs jn the formation of unit US2-B t emplaced during the Upper 
Scoriae 2 eruption (79± 8 ka) on Santorini, Greece, was investigated through 
seditncIltological analysis and mapping. ProxiInally1, the unit exhibits features 
characteristic of emplac.mncnt from a flow. such as thickening into palaeochannels 
and erosive basal contacts. Distally, the unit is of unif()rnl thickness and grain Sil..e 
para.ntcters the dep<}sit is more characteristic of exnplacement from a 
fallout mechanisfll. Discrete lenses of fine-grained material within US2..B, and a 
gradati()n.al upper contact with PDe dep()sits suggest that there may have been 
contemporaneous depositic)1'l resulting the development of a hybrid deposit. 
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Table 1: Grain size (phi and mmlJlm equivalents) and descriptive terminology 
used in this thesis (Schmid, 1981). Note that terminology presented in Chapter 1, 
table 1 corresponds to that of Blott & Pye (2001). 
DESCRIPTIVE TERMINOLOGY 
Grainsize Pyroclastic Sedimentary 
Phi mmlJllll (Schmid, 1981) (Blott & Pye, 2001) 
-11 2048mm Very large 
-10 1024 Large 
-9 
-8 
-7 
512 
256 
128 
Coarse 
Fine 
BLOCKS 
Medium 
Small 
Very small 
BOULDERS 
-6 64 
LAPILLI Very coarse 
-5 32 
Coarse 
-4 16 
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-3 8 
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-2 4 
Very Fine 
-1 2 
Very coarse 
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Coarse 
500ilm 
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2 250 
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3 125 
Coarse Very Fine 
4 63 
Fine ASH Very coarse 
5 31 
Coarse 
6 16 
Medium 
7 8 
Fine 
8 4 
Very Fine 
9 2 
10 
11 0.5 
12 0.25 
GRAVEL 
SAND 
SILT 
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Table 2: Comparison of degrees of sorting in pyroclastic and sedimentary 
deposits, cr<t> (Cas and Wright, 1987). 
Phi range Pyroclastic deQositlS Sedimentary deposits 
()~l Very well sorted Very well to moderately sorted 
1-2 Well sorted Poorly sorted 
2-4 Poorly sorted Very poorly sorted 
>4 V~ poorly sorted Extremely poorly sorted 
The terminology for degrees of sorting of pyroclastic deposits by Cas and Wright 
( 1987) was adopted throughout this thesis. 
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Chapter 1, Introduction Lucy.f.Ritchie 
1 Introduction 
1..1 The Nature of the Problenl 
The rnost dangerous phenornena ass()ciated with C!xplosive volcanisnl are 
pyroclastic density currents (PDCs). PDCs have been a major cause of destruction 
and loss of life throughout hist()rical time. In 79 AD~ the eruption of Mount 
Vesuvius, Italy, generated PDCs. which destroyed the towns of Pompeii and 
Herculaneum, killing rnnre than 2<XX) people. ()n 8 May 1902 on the Caribbean 
island of Martinique. Mont Pelee erupted with tragic consequences. The town of 
S1. Pierre was obliterated by PDes. which killed 28J)OO people. The catastf()phic 
lateral blast eruption of Mount St. Helens, Washington State, USA on 18 May 
1980 produced PDes that destroyed an area 600 km:! and killed 57 people. On 
3 June 1991 t an eruption at Mount Unzen in Japan killed 41 people including 
three scientists, and lllost recently during the current (t 995..20(1) eruption of the 
'0.:''''"...+............''' Hills volcano t Montserrat t West Indies" PDes claimed the lives of at 
least 19 people on the June 1 The to study the involved in 
theentrainment1t ttansport1t and depositional material within PDes is paramount 
in understanding hazardous natural phenomena. 
that move down the of 
vOlicane>es limply under the influence ft'f'.'lntu or due to explosive propulsion. 
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Direct observations of these events are limited due to their hazardous nature. 
However, studies of the resulting deposits of PDCs can provide valuable insights 
into the possible transport and depositional mechanisms associated with their 
formation (e.g., Sparks et al., 1973; Walker, 1983; Branney and Kokelaar, 1992). 
1.2 Aims of the Thesis 
The nl~lin ainlS of the thesis are: 
( 1) To undertake studies of pyroclastic density CUlTents with particular reference 
to those generated in blast style eruptions. To make a detailed study of the 
deposits fornled by a blast type event at the Soufriere Hills Volcano, 
Montserrat, on 26 Decetnher 1997. 
V()lcanic or lateral blasts are relatively rare but typically produce highly energetic 
and devastating PDes. The 26 December 1997 eruption of the Soufriere Hills 
Volcano involved sector collapse and the generation of a lateral blast, providing 
an ideal natural laboratory for the investigation of PDe events. The emplacement 
mechanisms of these PDe deposits were investigated thoroughly through 
lithological mapping combined with extensive grain size and component analysis 
of the deposits. 
(2) 	 To investigate theoretically and experimentally the propagation and 
ev()lutionary morph()logy of stratified inertial gravity/ density currents. 
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The flow dynamics of many natural gravity currents such as turbidity flows and 
PDCs are complex. To date most experimental and theoretical studies of gravity 
currents have mainly focused on flows that are assumed to be homogenous 
(Bonnecaze, 1993; Bonnecaze, 1996; Gladstone et ai., 1998), However, there are 
rnu.ny situations in which natural currents may becoille density stratified owing to 
source conditions or processes operating within the CUlTent. The purpose of this 
work is to exalnine how such stratification might affect the current dynamics. 
(3) 	 To investigate the role of PDCs in the formation of an eniglnatic pyroclastic 
deposit on Santorini, Greece, and establish possible emplacement 
mechanisms. 
Santorini volcano, Greece, has been the site of twelve major explosive eruptions 
in the last 360 Ka years. The deposits are well exposed due to caldera collapse. 
One particular deposit, known as US2.. B, has been reported by previous workers 
(Druitt 1983; Mellon;, 1988; MeHors and Sparks, 1991) to exhibit characteristics 
of enlplacement by both fall and fl()w mechanisms, possibly related to a directed 
blast (MeUors t 1988). The purpose of this work was to study the origins of this 
deposit and how PDes might have been responsible for some of its depositional 
characteristics. Field observations, grain size analysis~ and componentry were 
employed in the development of a model for the emplacelnent of the deposit. 
1'f<his chapter will now discuss the basics of PDCSt including the different 
mechanisrns PD(: generation and typical PDe classifications. The various types 
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of deposit commonly formed by PDCs will be discussed along with the existing 
lithofacies models, which have been developed to enhance interpretation of 
depositional features and relate deposit formation to current dynamics. Particular 
attention is devoted to volcanic blasts and the deposits formed in this style of 
eruption as these are considered in detail throughout the thesis. 
1.3 Explosive Volcanism 
Explosive volcanism involves the transfer of fragmented l11agma (together with 
phenocrysts, dissolved volatiles and country rock from the conduit) from some 
depth below onto the Earth's surface (Wilson and Houghton, 2000). This 
fragmented magma, ejected in explosive eruptions, is subsequently transported 
and deposited to form pyroclastic deposits. The transport of pyroclastic material 
can occur directly froln the conduit as a high-speed jet that interacts with the 
atn10sphere or via a secondary process such as the rupture of an overpressurised 
syst.eln (cryptociome at Mount St. Helens) or collapse of lava flows or domes. 
1.4 Pyroclastic Density Currentf) (PDCs) 
A major transport system responsible for the dispersal of pyroclastic material 
generated in explosive eruptions is the PDC. They are conlposed of a wide variety 
of ejecta: typically juvenile pumice, high density juvenile glass shards, crystal 
fragments, accidental lithic fragments and ash. In extreme events, PDCs can 
transport volumes of more than 1000 km3 (dense rock equivalent) of erupted 
magma. The temperature of the CUlTent, which is controlled by the source magma 
and the amount of air entrained at the nose of the current (Wilson & Walker, 
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1982), typically ranges from 100 to 1000 °C (Cas & Wright, 1987). In some 
PDCs, depositing and deposited fragments are hot enough to weld together (Fisher 
& Schmincke, 1984). PDCs can travel at speeds of up to 200 ms· l and may have 
runouts of <1 kIn to > 100 km (Smith, 1960). A detailed study of the Taupo 
Ignimbrite. New Zealand, erupted in 182 AD, has shown that the currents 
surmounted topographic barriers over 1 knl in height with calculated horizontal 
velocities in excess of 200 In{l (Wilson, 1985; Druitt, 1996), Another example of 
the dYIuunics of PDCs is particularly well illustrated by the eruption of Mount St. 
Helem.;, USA on 18 May 1980. The PDCs that were formed at the onset of the 
clitnactic eruption had maxinluln runouts of 25 km, and contained approximately 
0.1 kmJ of material erupted at speeds of 90 .. 110 ms· l in a time period of under 4 
tninutcs (Hoblitt €!l aI... 1981 ~ Sparks et at., 1986). 
1.4.1 (;eneration of PDCs 
PI)Cs nU1Y be generated by a number of different mechanislns, which can be 
divided into the three lnain types: gravitational dOIne collapse, edifice failurel 
explosive collapse and eruption colunullfountain collapse. It is possible that more 
than Olle of these mechanisms Inay operate simultaneously and therefore the 
generation of PDCs could ()ccur from a cOlnbination of these processes. 
1..4jtl~1 (;ravitational dome collapse 
Gravitatic)nal c()Uapse of lava domes occurs when a mass of actively growing or 
stagnant lava becomes unst.able and collapses down the flanks of a volcanot 
disintegrating to fOrIn PDCs. Examples of gravitational dome collapse PDCs 
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were observed at Mont Pelee, Martinique in 1902 and 1929-32 (Lacroix, 1904, 
Perret, 1937); Mount Lamington, Papua New Guinea in 1951 (Taylor, 1958); 
Mount St. Helens in 1980 (Hoblitt, 1986); Mount Dnzen, Japan in 1991 (Sato et 
ai., 1992; Yamamoto et ai., 1993; Nakada & Toshitsugu, 1993; Toshitsugu & 
Nakada, 1999); Colima volcano, Mexico in 1991 (Rodriguez-Elizarraras et al., 
1991) and the Soufriere Hills volcano, Montserrat in 1996-98 (Cole et al., 1998). 
1.4.1.2 Edifice failure and explosive collapse 
Edifice failure or even gravitational collapse can rapidly release the pressure 
within a lava dome. In such a failure PDCs are explosively ejected in what has 
been termed a directed volcanic blast (Hoblitt et ai., 1981). Blast style eruptions 
have occurred at Mount St. Augustine, Alaska in AD 1540 ± 110 (Siebert et ai., 
1989); Mont Pelee, Martinique in 1902 (Perret, 1937); La Soufriere de 
Guadeloupe, West Indies (Boudon et al., 1984); Shtyubel volcano, Kamchatka in 
1907 (Macias and Sheridan, 1995); Bezymianny volcano, Kamchatka in 1956 
(Gorshkov, 1959; Belousov, 1996); Shiveluch volcano, Kamchatka in 1964 
(Gorshkov and Dubik, 1970; Bogoyavlenskaya et ai., 1985); Mount St. Helens in 
1980 (HobBtt et al., 1981; Christiansen & Peterson, 1981), and at the Soufriere 
Hills Volcano, Montserrat in 1997 (Sparks et aI., 2002; Ritchie et al., 2002). 
Explosive collapse of the dome could also be triggered by the contact of 
groundwater with a lava dome leading to the possibility that phreatic explosions 
could generate PDCs, e.g., at Bandai San, Japan, in 1888 (Williams & McBimey, 
1979; Cas & Wright. 1987; Yamamoto et al., 1999). 
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1.4.1.3 Eruption column or fountain collapse 
During an explosive eruption, material is typically ejected in a vertical column. 
The hot column of material (gas and particles), if denser than the surrounding air 
at the top of the trajectory (gas thrust phase), will collapse back down onto the 
flanks of the volcano and flow under the influence of gravity as a PDC (Sparks & 
Wilson, 1976). There are many variations of the column collapse mechanism (also 
referred to as fountain collapse) ranging from; collapse from high, well­
maintained columns; partial collapse from the margins of an unstable column; 
discrete collapse and continuous fotmtaining of pyroclastic material and passive 
boiling over of material, directly from the vent (Cas & Wright, 1987). Some 
observed eruptions during which PDCs were formed by column collapse are St. 
Vincent, West Indies, in 1902 (Hay, 1959); Mount Lamington, in 1951 (Taylor, 
1958); Mayon, Philippines, in 1968 (Moore & Melson, 1969); Ngauruhoe, New 
Zealand, in 1975 (Nairn & Self, 1978); Mount Pinatubo, Philippines, in 1991 
(Hoblitt et al., 1996; Scott et al., 1996) and at the Soufriere Hills Volcano, 
Montserrat, in 1997 (Druitt et al., 2002b). 
1.4.2 PDC classification 
PDCs have been conventionally divided into two end members (high and low 
particle concentrations) based on observations of eruptions and the studies of 
textural characteristics of historic and prehistoric deposits (Sparks et al., 1973; 
Wohletz and Sheridan, 1979; Fisher and Schmincke, 1984; Cas and Wright, 
1987). Grain size analysis is typically used to characterise PDC deposits (Inman, 
1952; Walker, 1971; Lirer & Vinci, 1991; Lirer et al., 1996) based on median 
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diameter (Md<l» of the grains and sorting coefficient (0'<1» of the deposit 
(Definitions given earlier on pg. XVIII). The high-particle concentration end­
member is commonly referred to as pyroclastic flow and the low-particle 
concentration end-member as pyroclastic surge. A single PDC event can have 
both surge and flow components. There is considerable debate about the 
boundaries between these end member types, particularly with regard to the nature 
of high-velocity PDCs or blasts generated in eruptions such as Mont Pelee 1902, 
Bezymianny 1956 and Mount St. Helens 1980 (Fisher & Heiken, 1982; Sparks, 
1983; Lajoie et at., 1989; Belousov, 1996; Hoblitt et at., 1981; Walker & 
McBroome, 1983), 
1.4.2.1 Pyroclastic flows 
Pyroclastic flows are interpreted as high particle concentration flows that move 
downslope under the influence of gravity (Sparks, 1976). They consist of a dense 
basal undercurrent where material is transported by particle-particle contact, 
fluidisation support, matrix support and dispersive pressure and buoyancy, and an 
overriding dilute ash cloud (Fisher, 1979; Wilson & Walker, 1982; Wilson, 1986), 
The dense basal part of the flow tends to be topographically constrained, however 
the overriding cloud is less confined by topography and can in fact detach from 
the basal flow and move independently (Fisher, 1995; Cole et at., 2002; Druitt et 
at., 200211). Three main types of pyroclastic flow are recognised (Cas & Wright, 
1987): block ..and-ash flows, pumice flows, and scoria flows. Pyroclastic flow 
deposits are typically massive, poorly sorted and thicken into or are confined to 
topographic depressions. Pyroclastic flow deposits containing pumice as a major 
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constituent are termed ignimbrites (Sparks et aI., 1973; Walker, 1983). 
1.4.2.2 Pyroclastic surges 
Pyroclastic surges have been defined as dilute, low-particulate concentration 
currents with particles entrained and transported in turbulent suspension (Fisher, 
1979; Wohletz & Sheridan, 1979; Brisette & Lajoie, 1990). Pyroclastic surge 
deposits are typically fine-grained, well-sorted and display well-developed 
bedforms such as planar, wavy and cross-stratification (Schmincke et aI., 1973; 
Walker, 1984; Cole, 1991). The deposits are relatively thin (typically <1 m) and 
tend to mantle topography (Wohletz & Sheridan, 1979; Fisher & Schmincke, 
1984; Cas & Wright, 1987). 
1.4.3 Lithofacies models 
Studies of the deposits of PDCs have allowed the development of lithofacies 
models relating depositional features to current behaviour (e.g., Wilson and 
Walker, 1982; Walker, 1985; Fisher, 1990; Druitt, 1992). Textures and structures 
of components within PDC deposits give clues to the relative importance of 
laminar versus turbulent flow whereas the degree of welding allows calculation of 
emplacement temperatures (Sheridan, 1979). Previously three main mechanisms 
have been suggested for the emplacement of PDCs; deposition from a turbulent 
PDC (Fisher, 1966), 'en-masse' freezing (Sparks et at., 1973), and progressive 
aggradation (Branney & Kokelaar, 1992). Fisher (1966) suggested that drag 
resistance between the base of a turbulent PDC and the ground results in a 
transitional zone of low velocity. Fragments within the turbulent current travel 
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with irregular paths and all enter the reduced velocity zone randomly resulting in 
poorly sorted deposits (Fisher, 1966). Sparks (1976) later suggested that 
deposition from PDCs does not result from layer by layer accumulation but from 
'en-masse' freezing of the material once the velocity has dropped below a certain 
threshold. Poor sorting of the deposits is attributed to high particle concentration 
and not turbulence. The mechanism of PDC emplacement suggested by Branney 
& Kokelaar (1992) is that of progressive aggradation of the deposit from a laminar 
- non-turbulent boundary layer of a parent flow, with sedimentation occurring 
from the base of the PDC upwards. With this process, stratification in the deposits 
reflects changes in current steadiness and the material supplied at source. Branney 
& Kokelaar (1992) envisage that massive or crudely stratified PDC deposits 
devoid of internal flow unit boundaries represent progressive aggradation from 
quasi-steady PDCs. 
Depositional features that are developed within PDC deposits have also been 
studied (Sparks, 1976; Branney & Kokelaar, 1992; Wilson, 1980). The type of 
grading within a PDC deposit can place important controls on the properties of the 
moving PDC (Cas & Wright, 1987). Different types of grading are attributed to 
varying degrees of sorting by escaping gases, either in the moving flow, during 
sedimentation, or in the deposit, and are referred to as fluidisation grading 
(Wilson, 1980; Wilson, 1984). Fluidisation grading was reproduced in the 
laboratory by passing gas upwards through beds of non-welded ignimbrite 
(Wilson, 1985). Reverse grading in PDC deposits has been attributed to two main 
mechanisms; dispersive forces (Bagnold, 1954) and 'kinetic sieving' (Middleton, 
10 
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1970). Dispersive forces are derived fronl the bouncing of fragments off the lower 
rigid boundary causing a transfer in momentum from grain to grain thereby 
supporting individual grains upward throughout the flowing bed (Bagnold, 1954), 
In the 'kinetic sieve' mechanism, small clasts fall between the larger fragments, 
which in tum progressively work themselves upward (Middleton, 1970). 
As was illustrated previously, PDCs exhibit a wide range of mobility, with some 
able to surmount topographic barriers at distances of hundreds of Ian from their 
source (Smith, 1960), whereas others are confined to river valleys and are easily 
deflected by slight topographic protuberances (Taylor, 1958). Sheridan (1979) 
attributes this range in mobility to one of two main mechanisms. Firstly, that the 
PDCs are dilute and expanded such that their tops exceed the height of the 
topographic barrier, or secondly, that they gain extreme momentum during 
fallback from a vertical eruption column and can surmount barriers (Sparks, 
1976). Calder et al. (1999) observed that the mobility of PDCs on Montserrat 
(1995-1998) varied according to the different types of flow. Pyroclastic surges are 
low-particle concentration, turbulent suspensions and are thus highly mobile 
whereas pyroclastic flows were less mobile due to their dense, high-particle 
concentration nature (Calder et ai., 1999). 
1.5 Nomenclature 
Studies of blast-generated PDC deposits, especially those at Mount St. Helens, 
have shown that these phenomena form deposits with characteristics of both 
pyroclastic flows and surges. Previously the products of blast type eruptions have 
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been referred to as ash hurricanes (Taylor, 1958), blast surges (Hoblitt et aI., 
1981), pyroclastic density flows (Waitt, 1981), pyroclastic flows, and pyroclastic 
surges (Moore and Sisson, 1981). Consequently the use of the term PDC adapted 
here avoids a generic implication as to the nature of the phenomenon. 
Volcanic blasts 
Volct.lnic blasts are relatively UI1COmlnOn volcanic events, the processes and 
products of which were not fully understood until the 18 May 1980 directed blast 
eruption of Mount St. Helens, USA. This eruption was directly observed, which 
allowed the detailed documentation of eruptive products to be coupled with the 
tinling and observation of the actual event, and was a major step forward in the 
understanding of blast style eruptions. 
Prior to this, catastrophic lateral blast eruptions had been recognised at other 
volcanoes. The great eruption of 15 July 1888 at Sandai San volcano, Japan 
produced large phreatic explosi()ns~ PDCs and a major debris avalanche due to the 
unloading of a hydrothennal system in a blast style eruption, which was 
recognised by Williams and McBirney, (1979) and later documented by 
Yamanloto et al. (1999). Lacroix (1904) reported on the highly destructive PDCs 
that were generated in the SMay 1902 eruption of Mont Pelee. He noted that the 
main part of the PDe was confined to the valley of the Riviere Blanche while a 
low density. turbulent component was able to proceed undeflected 8.cross the 
vttHey and destroy the town of St Pierre. When Mount Lamington in Papua New 
~'""',u;""" erupted on the 21 January 1951 it generated a highly destructive PDe that 
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was also observed to separate into a low-density, turbulent component (ternled an 
'ash hurricane') and a dense, topographically constrained PDC (Taylor, 1958). 
The 'ash hurricane' component was refered to as a 'ground surge' by Sparks & 
Walker (1973), which they were surprised to find was highly destructive but only 
deposited thin « 30 em thick), fine-grained deposits. Thin PDC deposits were 
also observed by Gorshkov (1959, 1963), who documented the directed blast 
eruption of Bezymianny Volcano on 30 March 1956. 
1.6.1 Generation 
Volcanic blasts are often associated with the rapid unloading of an active lava 
dome. They can he induced by catastrophic failure of part of the volcanic edifice. 
This results in a dramatic release of the confining pressure on the gas..rich 
pressurised m,lgma within the edifice or dome forming an explosion or blast. As a 
consequence these blasts are preferentially directed and are therefore termed 
directed blasts (Hoblitt el aI., 1981). 
Directed blasts, which have resulted from sector collapse and debris avalanche 
generation, have occurred at the volcanoes of Bezymianny in 1956 (Belousov, 
1996) and Shiveluch in 1964 (Ponomareva et ai., 1998; Belousov et al., 1999). 
Extensive debris avalanche deposits at St Augustine volcano, Alaska are 
associated with a directed blast event ca. 154O±110 AD (Siebert et aI., 1989). The 
blast-generating eruption of Mount St. Helens in 1980 also involved sector 
coUapse and debris avalanche generation in that early phase. More recently the 
SoufriereHiIls Volcano, Montserrat, produced destructive PDCs when the 
13 

Chapter 1, Introduction Lucy.J.Ritchie 
andesite lava dome was breached by sector collapse of the volcanic edifice on 26 
December 1997 (Sparks et at., 2002). 
Blast style eruptions have also occurred at volcanoes where the lava dome did not 
rupture as a direct result of sector collapse and subsequent pressurised dome 
collapse, e.g., Mont Pelee in 1902 (Lacroix, 1904) and Mount Lamington in 1951 
(Taylor, 1958). In both of these examples a debris avalanche was not generated 
and the blast cloud was observed to emanate laterally from the base of an eruption 
column (Lacroix, 1904; Taylor, 1958). 
1.6.2 Destructive effects of directed blasts 
The most striking feature of directed blasts is the destructive and erosive nature of 
the high velocity PDCs that are formed. At Mount St. Helens an area of 600km2 
was devastated by PDCs in just under a few minutes. Mature forests of conifers 
and deciduous trees that covered much of the area and were downed by the PDCs 
up to 28 km away from the crater (Moore and Sisson, 1981). 
In the town of St. Pierre, Martinique, which was impacted by highly energetic 
PDCs generated in the eruption of Mont Pelee on 8 May 1902, many large 
buildings were completely destroyed by the force of the currents. For example, the 
walls of the cathedral in St. Pierre, which are up to 1 m in thickness, were 
completely razed. 
At Mount Lamington two distinct zones of damage were recognisable; an inner 
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zone of damage from high lateral velocities and an outer zone associated with the 
effects of heat (Taylor, 1958). Little variation in damage intensity occurred in the 
inner zone with buildings razed, trees felled and soil eroded. The energy of the 
PDC seems to have been reduced by ridges and topographic barriers, with lee side 
protection. The edge of the devastated zone impacted by the PDC was markedly 
irregular with levelled buildings only metres away from intact buildings that were 
left untouched. Taylor (1958) attributed this to individual lobes at the front of the 
PDC, jetting forward. 
1.6.3 Deposits 
Deposits that are generated by PDCs associated with blasts generally exhibit 
characteristics that are atypical of the classification of Sparks et al. (1973) of 
pyroclastic falL, flow, or surge (Hoblitt et aI., 1981; Waitt, 1981; Moore & Sisson, 
1981). Blast-derived PDC deposits typically display features of both pyroclastic 
'surge' and 'flow' deposits such as massive ponding (flow) and well-developed 
cross and planar stratification (surge). Although local variations occur (Fisher & 
Heiken, 1982), PDC deposits formed by blasts typically fine and become better 
sorted with distance from vent (e.g., Moore and Sisson, 1981; Hoblitt et aI., 1981; 
Druitt, 1992; Boudon & Lajoie, 1989; Belousov, 1996). Vertically, the deposits 
tend to fine upwards and are typically normally graded (Hoblitt et ai., 1981; 
Boudon & Lajoie, 1989) although reverse grading is also common (Fisher & 
Heiken, 1982; Druitt, 1992). Stratification and the development of bedforms are 
typical (Fisher & Heiken, 1982; Charland & Lajoie, 1989; Druitt, 1992; Belousov, 
1996). Blast generated deposits are typically thin «1 m) and are distributed over a 
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wide area (low aspect ratio) (Hoblitt et aI., 1981; Druitt, 1992). For example, at 
Mount St. Helens the 18 May 1980 blast-generated PDC deposits thinned from 1 
m in proximal areas to <1 em at the margins of the devastated area, 25 km from 
the volcano (Hoblitt et al., 1981). The deposits formed by PDCs in the 30 March 
1956 blast eruption at Bezynlianny Volcano, Kamchatka, which cover an area of 
500 km2, were also of variable thickness but generally thinned with distance frcin 
the volcano (Bogoyavlenskttya et at., 1985; Belousov, 1996). Deposits at Mount 
Lamington, Papua New Guinea; formed in the 21 January 1951 eruption typically 
thinned with distance froln volcano, however some were actually observed to 
increase in thickness with distance from the volcano. Taylor (1958) attributed this 
to the drainage of the flows with sustained mobility, fronl the vent. 
The influence of topography on the dispersal and characteristics of PDC deposits 
formed in blast style eruptions is of particular significance. On a large scale PDC 
deposits typically blanket the affected area regardless of topographic obstacles 
such as ridges, however locally, significant lateral and vertical variations in the 
deposits such as thickness, textural, and structural changes have been attributed to 
the interaction of the PDes with even micro-scale topography (Hoblitt et aI., 
1981; Fisher & Heiken'J 1982; Fisher et aI., 1987; Fisher, 1989; Fisher, 1990; 
Droitt, 1992; Belousov1 1996). 
It has generally been noted at nlany volcanoes, such as Mount St. Helens (Fisher, 
1990) and Mount Lamington (TaylofJ 1958), that PDC ronout was greatest where 
flow directions were parallel to topographic features, such as ridges and least 
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where topographic trends were perpendicular to the current propagation direction. 
The PDCs at Mont Pelee were observed to surmount topographic barriers up to 
324 m in height (Fisher & Heiken, 1982). 
The thickness of the blast-generated PDC deposits is typically unaffected by 
topography OIl a large scale, however they are found to be locally thinner on 
valley sides and pond into topographic lows (e.g., Mount 8t. Helens; Hoblitt et at., 
1981). Ponding of material in topographic lows has also been observed at 
Bezyrnianny (Belousov, 1996), At Mount St. Helens the ponding of deposits was 
attributed to: (I) the drainage of material deposited on steep 300 -35 0 slopes into 
topographic lows (Hoblitt et at., 1981; Moore & Sisson, 1981; Fisher et al., 1987~ 
Fisher, 1989; Fisher, 1990), and (2) topographic blocking by steep volcano facing, 
slopes causing damn1ing of low-elevation, high-density parts of the PDC that 
could not surmount ridges (Valentine, 1987; Fisher, 1990). 
The development of bedforms and erosionally sculpted deposits are also attributed 
to the interaction of the PDes with topography (Hoblitt et ai., 1981; Waitt, 1981 
and Moore and Sisson, 1981). At Mount St. Helens large, horizontal, erosional 
ridges and furrows up to 100 m in length, 3-9 km from the vent, were documented 
by Kieffer & Sturveant (1988). They attributed these features to scouring by 
longitudinal vortices resulting from flow instabilities induced by the complex 
topography. In distal areas, Druitt (1992) observed that sand wave bedforms had 
fonned upstream of downstream of surface irregularities. Belousov (1996) also 
observed sandwave bedforms at Bezymianny volcano. However, these were 
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principally developed in the proximal zone. 
Workers at Mount St. Helens made the first detailed lithofacies classification of 
PDC deposits generated by blast eruptions. Five main lithological units were 
identified by Hoblitt et at. (1981), which are compared with the lithological units 
of Moore and Sisson (1981) and Waitt (1981) in Table 1. Later workers 
recognised a similar stratigraphy (Fisher et at., 1987; Druitt, 1992) with 3 layers, 
which do not necessarily occur concurrently at anyone locality (Table 1). The 
stratigraphy of PDC deposits at Bezymianny and Mont Pelee is similar to that 
observed at Mount St. Helens (Belousov, 1996; Charland and Lajoie, 1989~ Fisher 
& Heiken, 1982) with the development of three layers (Mont Pelee- AI, A & B; 
Bezymianny- A, B & C). According to the classification of Druitt (1992) (Table 
1), Layer AD, the basal layer, is composed of soil, wood fragments and pockets of 
admixed AI. Layer Al is a poorly sorted, fines-poor, massive to weakly stratified 
graveL It is typically normally graded and thickens and coarsens into lows. Layer 
A2 is poorly sorted, composed of finer-grained ash-grade material than layer Al 
and is massive or crudely cross-stratified. It typically drapes topography and has 
sharp erosive contact with layer AI. The top few centimetres of layer A2, known 
as A2b or A2*, consists of moderately sorted sand grade material with planar and 
wavy cross-laminations. Layer A3 is a fallout layer composed of accretionary 
lapilli set in a fine ash matrix. 
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HOBLITTet MOORE AND IWAITT (1981) 
al. (1981) SISSON (1981) 
I 
DIRECTED BLAST PYROCLASTIC 
SURGE 
Accretionary 
LapiUl unit Air-fall unit 
Blast pyroclastic 
flow units 
Secondary 
pyroclastic flows 
Pyroclastic surge 
unit Fine upper unit 
Massive Unit Fine upper unit 
PYROClASTIC 

DENSITY FLOW 

Sandy silt facies 
(A3) 
Not Discussed 
Fine sandfacies 
(A2b) 
Coarse sand 
facies (A2a) 
FISHER et al. 
(1987) 
PYROCLASTIC 
SURGE 
DRUITT 
(1992) 
BlAST SURGE 
LayerA3 LayerA3 
Not Discussed Not Discussed 
LayerA2* LayerA2h 
LayerA2 Layer A2a 
Layer AlLayerAlCoarse basal Basal gravel Basal unit 
Ifacies (Al)unit 
I LayerAOLayerAONot Discussed Not Discussed Not Discussed 
I 
Table 1: Terminology adopted by various workers at Mount St. Helens for the 

PDC deposits generated by the directed blast on 18 May 1980. 

1.6.4 Emplacement and depositional models 
Observations of PDC deposits generated in blast sty Ie eruptions have allowed the 
development of models to suggest possible emplacement and deposition 
mechanisms. It is generally recognised that in a blast style eruption PDCs are 
initially propelled by directed explosions and later fuelled by gas expansion and 
gravity (Waitt, 1981; Kieffer, 1981; Fisher, 1990). Two contrasting interpretations 
have previously been suggested to describe the nature of blast PDCs. Firstly, that 
blast-generated PDCs are thick, relatively low density, dilute, inflated clouds 
(Roblitt et al., 1981; Moore & Sisson, 1981; Waitt, 1981; Fisher, 1990), and 
secondly that blast generated PDCs are thin, highly concentrated, high density, 
currents (Walker & McBroome, 1983). 
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Hoblitt et al. (1981) and Waitt (1981) suggested that at Mount St. Helens the 
overall normally graded character of the deposit and the decrease in mean juvenile 
clast size with increasing distance from vent indicated deposition from an inflated, 
stratified turbulent cloud. Walker and McBroome (1983) argued that the far 
reaching Mount St. Helens and Mont PeMe deposits were deposited by a high 
concentration PDC as a highly expanded, dilute PDC could not travel up to 30 km 
froIn the volcano due to air resistance. They suggested that the bedding and 
lamination seen at the top of layer A2 deposits at Mount St. Helens could be 
produced by minor amounts of turbulence in a high concentration PDC. 
Fisher & Heiken (1982), Lajoie et al. (1989), and Belousov (1996) all suggested 
that blast generated PDCs were density stratified close to the volcano into thin, 
highly concentrated PDCs and thicker, low concentration, turbulent PDCs. 
Valentine (1987), Druitt (1992) and Bursik et al. (1998) concluded that the PDCs 
at Mount St Helens were dilute, highly turbulent, stratified suspensions, as was 
also suggested by Charland & Lajoie (1989) for the PDes formed at Mont Pelee. 
Charland & Lajoie (1989) postulate that stratification and normal grading in the 
deposits is indicative of deposition from a relatively low concentration, turbulent 
current. The depositional mechanism of density and gravity segregation of 
particles is typically suggested to explain the development of blast deposits with 
lower coarse grained and upper fine grained parts (Hoblitt et ai., 1981; Moore and 
Sisson, 1981~ Fisher et ClI., 1987; Valentine, 1987; Charland & Lajoie, 1989; 
Fisher, 1990; Belousov, 1996). 
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According to Fisher et al. (1987), the PDC at Mount St. Helens was composed of 
an expanded and turbulent head, less dense than the body allowing gravity 
segregation of the particles into a lower coarse-grained and an upper fine-grained 
part. Deposits formed from the head of the current were fines-poor (Layer AI) 
and deposits from the body were fines-rich (Layer A2). Layer AO was produced 
by strong shear forces at the base of the current, as the head of the surge moved at 
extremely high velocities (up to 180 ms-I ) (Fisher et ai., 1987). The division at the 
top of layer A2 was a result of continuing gravity segregation of debris toward the 
base of the current resulting in a two-part PDC having a non-turbulent base 
overridden by a turbulent upper part (Fisher et ai., 1987; Fisher, 1990). Druitt 
(1992) attributes normal grading and the bedforms, observed at the top of layer 
A2, as evidence that the PDCs were of relatively low concentration with traction 
acting as an active process. He suggests that the rate of particle fallout declined 
with distance from vent and sedimentation took place under increasingly dilute 
and tractional conditions. 
Charland and Lajoie (1989) suggested that the 8 May 1902 deposits at Mont Pelee 
accumulated from a stratified turbulent PDC with gravity segregation giving rise 
to the formation of the three layers (AI, A and B). The dense lower part of the 
current was overtaken by the middle part producing shear and erosion of the basal 
deposit (Charland & Lajoie, 1989). Fisher & Heiken (1982) suggest that the 
deposits at Mont Pelee accumulated as a result of deposition from a turbulent 
current and that coarser grained lower layers and finer grained upper layers were a, 
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function of the settling velocities of the different sized particles. 
Belousov (1996) envisaged that the PDC at Bezymianny rapidly became 
internally stratified near the volcano due to the influence of gravity, into a coarse­
grained basal PDC of rock fragments too heavy to be supported by turbulence and 
a relatively fine-grained, turbulent upper PDC. Due to the influence of gravity 
segregation in the upper part of the PDC, particle concentration increased 
downwards. Belousov (1996) suggests that layer A (equivalent to AO at Mount St. 
Helens and A 1 at Mont. Pelee) was deposited continuously from the leading edge 
of the PDC and layer B (equivalent to Al at Mount St. Helens and A at Mont. 
Pelee) was deposited under dilute, turbulent conditions. As the particle 
concentration at the base of the PDC increased it reached a level where turbulence 
was suppressed and layer C was deposited (A2 at Mount St. Helens and B at 
Mont. Pelee). 
Knowledge of the nature of pyroclastic density currents has developed 
significantly in recent years, however they have continued to cause fatalities at 
many volcanoes. In particular, the PDCs generated in blast style eruptions are 
highly devastating and still not fully understood. They are different in nature to 
PDCs formed by gravitational dome and column collapse, depositing relatively 
thin, fine-grained deposits that are affected by local small-scale topographic 
protuberances. The mechanics of blast eruptions are complicated and require 
further investigation through the examination of the PDC deposits combined with 
experimental and theoretical modelling. 
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2 	 Geological Setting and the 1995..2001 Eruption of the 
Soufriere Hills Volcano, Montserrat, British West Indies 
2.1 Introduction 
The ongoing eruption of the Soufriere Hills Volcano, Montserrat, (Young et aI., 
1998) has provided an ideal natural laboratory for the study of PDCs and 
associated volcanic processes. Throughout the eruption, which started in July 
1995, PDCs of various types have been generated on a regular basis providing an 
excellent opportunity to increase current scientific understanding of this process. 
The PDes generated extensive deposits (Cole et al., 1998). Many of these deposits 
may be correlated with specific events that were monitored and/or observed and 
mapped. Such opportunities are rare and detailed study of the deposits of the PDCs 
allows considerable insight to be gained on the mechanisms and processes 
involved in the transport and emplacement of pyroclastic currents. 
This chapter provides a background on the eruptive history and geological setting 
of Montserrat In particular the chapter outlines the evolution of the 1995-2001 
eruption in terms of eruptive style. This is particularly significant as much of the 
work included in this thesis is based on an eruptive style that had not previously 
occurred during the 1995..2001 eruption. It should be noted that the eruption on 
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Montserrat was still ongoing at the time of submission of this thesis (December 
2001) and so is referred to as occurring between 1995-2001. 
2.2 The Island of Montserrat 
The British dependent territory of Montserrat (Latitude 16° 45' N, longitude 62° 
10' W) is located towards the northern end of the Lesser Antilles island arc in the 
Caribbean, between the volcanic islands of Guadeloupe to the south, Nevis to the 
north and the non-volcanic island of Antigua to the east (Fig. 2.1). Montserrat is 
over 16 km long, 10 km wide and has an area of about 80 kro2 (Fig. 2.2). The 
current eruption of the Soufriere Hills Volcano (1995-2001) has impacted over 
half of the island including the capital, Plymouth, and W.H.Bramble airport. 
Between 1996 and 1997 the island was depopulated from 12,000 to about 3,500 
and the economy severely impacted. At least twenty-one people have lost their 
lives during the eruption to date and over 8,000 people have been forced to leave 
their homes and businesses. 
2.3 Volcanic History 
The island of Montserrat forms part of the Lesser Antilles Volcanic Arc, which is 
formed by the westward subduction of the North American tectonic plate beneath 
the Caribbean plate. The island is comprised primarily of four major volcanic 
centres ranging in age from Pliocene to Holocene (MacGregor, 1938; Rea, 1974; 
Baker, 1985; Wadge and Issacs, 1988). The oldest volcanic centres are those in the 
north of the island (Silver and Centre Hills), which were active between 4.4 and 
1.6 Ma and are now substantially eroded (Baker, 1985) (Figs 2.2 & 2.3). In the 
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south are the younger volcanoes of the Soufriere Hills (SH) and the South 
Soufriere Hills (SSH) together with the hills of St Georges and Garibaldi (Figs 2.2 
& 2.3). Rea (1974) considers that these smaller hills (St Georges and Garibaldi) 
are parasitic cones of the Soufriere and South Soufriere Hills volcanoes as they are 
all aligned along a zone trending east-southeast (Fig. 2.2). Wadge and Issacs 
(1988) suggest that this ESE lineation represents a zone of deep-seated crustal 
weakness along, which facilitated the ascent of magma supporting the hypothesis 
the St Georges and Garibaldi Hills are parasitic cones. Harford et aI. (2002) 
conversely argue that because St Georges and Garibaldi Hills are composed of 
material typical of flank deposits, they are more likely to be volcaniclastic 
sequences derived from one of the larger centres (SH or SSH) and are not parasitic 
cones. 
NORTH ATLANTIC 
Virgin Is. 0 CEANP rt Riue 0 co ~ St Kitts
c:=:J.;,~:ba)........ c;. 0 (Liamuiga)
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Figure 2.1: Location map of Montserrat and volcanoes of the Lesser Antillies 
Volcanic arc. 
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EVOLUTION OF MONTSERRAT'S VOLCANIC CENTRES 
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Figure 2.3: Chronological evolution of the understanding ofMontserrat's volcanic centres 
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MacGregor (1938) and Rea (1974) suggested that volcanism on Montserrat 
oscillated from north to south and that it involved reactivation of old centres (Fig. 
2.3), The recent work of Harford et aI. (2001) involving 4°ArI 39AI dating and 
geomorphological observations, suggests that Montserrat evolved as three volcanic 
centres from north to south (Fig. 2.3); Silver Hills (2600-1200 Ka); Centre Hills 
(950-550 Ka) and SH-SSH (170 Ka to present). 
2.3.1 Silver Hills 
The Silver Hills centre represents a deep dissected volcanic mass of andesitic 
pyroclastic deposits rising to 392 m (MacGregor, 1938; Rea, 1974) covered by 
andesitic tuffs, which are thought to have originated from the Centre Hills (Rea, 
1974). Extensive areas of the Silver Hills are hydrothermally altered and debris 
avalanche deposits are prominent (Harford et aI., 2002). 
2.3.2 Centre Hills 
The Centre Hills (747 m) are significantly eroded with mountains of massive 
andesitic lava thought to be the remnants of domes (Harford et al., 2002). The 
surrounding flanks of the Centre Hills consist mainly of andesitic volcaniclastic 
deposits composed of block-and-ash flow, pumice flow, lahar and debris 
avalanche deposits. A 5 m thick pumice fall deposit on the western flanks of the 
Centre Hills indicates that significant magmatic explosive activity occurred at the 
Centre Hills (Harford et al., 2002). 
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2.3.3 South Soufriere Hills 
The South Soufriere Hills are comprised of basaltic to basaltic andesite lavas 
intercalated with pyroclastic units such as breccias and scoria fall deposits 
(MacGregor, 1938; Rea, 1974; Harford et at., 2002). The summit region is 
composed of two dome centres, Raspberry Hill and Roches (Roobol and Smith, 
1998). Pyroclastic deposits and lavas can be traced to the summit ridge of the 
South Soufriere Hills and are therefore thought to have been derived from near the 
present summit (MacGregor, 1938; Rea, 1974). Lavas of the South Soufriere Hills 
have been Ar4o/Ar39 dated at 130 Ka ± 5 Ka by Harford et ai. (2002). 
2.3.4 Soufriere Hills 
The Soufriere Hills have been little modified by erosion and consists of a central 
mountainous dome complex flanked by an apron of shallow dipping volcaniclastic 
deposits (Harford et ai., 2002). Prior to the current eruption, this central dome 
complex, which is the youngest volcanic centre on Montserrat, comprised four 
volcanic domes: Gage's Mountain, Galway's Mountain, Perche's Mountain and 
Chances Peak, the largest at 915 m a.s.l. (Figs 2.2 & 2.3). They range in size from 
800-1200 m in diameter surrounded by talus aprons with slopes of 2-10° (Wadge 
and Issacs, 1998). These domes were dissected by a horseshoe shaped summit 
crater (English's Crater) 900 m in diameter with walls 100-150 m high (Wadge 
and Issacs, 1988) (Fig. 2.2). The crater was breached on its eastern side towards 
the Tar River, thought to be the result of either rapid dome growth burying and 
loading the crater walls (Rea, 1974), or perhaps sector collapse (Wadge and Issacs, 
1988). English's Crater was filled by another dome, Castle Peak, which had an 
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irregular summit topography including many lava spines suggesting that they 
formed late in the history of the Soufriere Hills (Rea, 1974). Castle Peak has since 
been buried by the domes and deposits of the current eruption. 
2.3.4.1 Dating of the Soufriere Hills domes 
There are many conflicting views as to the ages of the domes comprising the 
Soufriere Hills Volcano but it is certain that Castle Peak is the youngest (Wadge 
and Issacs, 1988). The oldest of the domes is thought to be Gage's Mountain (151 
± 4 Ka) followed by Chance's Peak (129 ± 69 Ka), Galway's Mountain (112 ±9 
Ka), Perche's Mountain (24 ± 2 Ka) and Castle Peak (- 350 yr BP) (Harford et al. 
(2002) Ar4o/Ar39 dates). 
Radiocarbon dates by Wadge and Issacs (1988) of deposits on the flanks of the 
Soufriere Hills V olcano indicate that it was most active between 24 and 16 Ka, 
however they postulated that Castle Peak was probably younger due to its fresh 
surface morphology. On the basis of radiocarbon dates, Roobol and Smith (1998) 
suggest that the volcano was particularly active between 31 and 16 Ka. 
A pumice flow deposit from Tuitt's ghaut, dated at around 18.3 Ka ± 360 years, 
was considered by Rea (1974) to be contemporaneous with the formation of 
English's crater. Roobol and Smith (1998), however, dated an andesitic PDC 
deposit, which was up to 360 cm thick on the northwestern flank of the volcano, at 
4 Ka. The lateral equivalent of this PDC deposit is a debris avalanche deposit in 
the Tar River valley (Young, pers comm.) and it is therefore considered that 
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English's crater was formed by sector collapse at around 4 Ka (Young, pers 
comm.; Harford et al. 2002; Robool and Smith, 1998). There are no deposits 
dating from between 16 Ka and 4 Ka suggesting a long period of dormancy 
although minor eruptive deposits may have been removed by erosion (Roobol and 
Smith, 1998). 
The most recent deposits associated with the Castle Peak dome consisted of 
andesitic dome talus mantled by ash and PDC deposits (Rea, 1974). Radiocarbon 
dates on charcoal from these PDC deposits suggest an age of between 400 and 300 
years BP (Rea, 1974). Charcoal from other prehistoric pyroclastic deposits found 
within the Tar River give radiocarbon ages from 770 to 200 years BP (Roobol and 
Smith, 1998). 
2.3.4.2 Stratigraphy of the Soufriere Hills Volcano 
Much of the northeastern low-angle flanks of the volcano and the east coast of 
Montserrat towards Spanish Point are dominated by fans of pyroclastic and lahar 
deposits which extend beneath the sea (Baker, 1985; Wadge and Issacs, 1988; 
Roobol & Smith, 1998). Harford et al. (2002) recognise three major and two 
minor units within the deposits of the Soufriere Hills Volcano. SH-I (subunit I of 
Roobol & Smith, 1998; Ar4o/Ar39 dated at 174 Ka ± 3 years Harford et al., 2002), 
the basal unit, is composed of block-and-ash flow, pumice-and-ash flow and lag 
breccias. Unit SH-II (subunit II of Robool & Smith, 1998; Ar4o/Ar39 dated at 75 
Ka ± 10 years by Harford et al., 2002) unconformably overlies SH-I and consists 
almost entirely of block-and ash-flow deposits. The uppermost unit SH-III 
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(subunit III of Roobol & Smith, 1998; radiocarbon dated at 16.9 Ka ± 60 to 31.5 
Ka ± 230 years BP and Ar40, Ar39 dated at 31 to 17 Ka by Harford et aI., 2002) is 
comprised of extensive block-and ash-flow deposits with minor pumice-and-ash 
flow deposits. Two nunor units overlie these three major units, SH-G dated at 
3950 ± 70 years BP (Marker G of Roobol & Smith, 1998) and SH-LPD dated at 
770 to 200 years BP (Late Prehistoric Deposits of Roobol & Smith, 1998). 
Harford et al. 2002 interpret these minor sequences as being associated with the 
formation of English's crater and the Castle Peak dome respectively. 
2.3.5 Soufrieres 
A soufriere is a hydrothermally active area comprised principally of hot springs, 
mud pools and fumaroles. Prior to the current eruption, the Soufriere Hills 
volcano sustained an intense hydrothermal activity with hundreds of steaming 
vents, mud pools and hot water discharges between 310 and 570 m a.s.l. on its 
outer flanks (Hammouya et aZ., 1998). These active soufrieres were contained 
within four main fields (Fig. 2.2): Galway's, Gages Upper and Lower and the Tar 
River (MacGregor, 1938; Hammouya et aZ., 1998). 
MacGregor (1938) and Perret (1939) first studied the soufrieres and noted that 
many of them lay on a line passing across the summit area of the Soufriere Hills 
in a northwest trend and suggested that it may represent a line of deep-seated 
crustal weakness (Fig. 2.2). The fumarolic activity of the soufrieres was studied 
after the onset of the current eruption and the composition of the gas was found to 
be 91-97% H20, C02 and H2S with minor amounts of H2, C~ and CO 
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(Hammouya et al., 1998). 
The soufrieres have now all been subsequently buried beneath pyroclastic deposits 
from the current eruption. There are six extinct soufrieres located in the Silver 
Hills and one in the Centre Hills. 
2.4 Recent Activity 
Until 1995 there were no eruptions on Montserrat since it was colonised in AD 
1632, however there have been three periods of elevated seismic activity reported. 
These occurred in 1897-98 (Robson and Tomblin, 1966), in 1933-37 (Powell, 
1938; MacGregor, 1938 and Perret, 1939), and most recently in 1966-67 
(Shepherd et al., 1971). All three events triggered enhanced fumarolic activity in 
the soufrieres with increased temperatures and gaseous fluxes and in the last 
seismic crisis in 1966-67 tilt measurements showed an inflation then deflation to 
the southeast of the Soufriere Hills (Shepherd et al., 1971). In 1933-37 the 
earthquake foci were at depths of 1-2 km and were associated with the Soufriere 
Hills and St Georges Hill (Powell, 1938). In the most recent events the epicentres 
were concentrated along a belt (WNW-ESE) between 2 and 8 Ian depth. The foci 
became shallow then deep as the event progressed, precluding the existence of a 
magma chamber but possibly suggesting the injection of magma into fractured 
rocks beneath the Soufriere Hills (Shepherd et al., 1971). 
Volcano-related seismicity was seen to increase in mid-1985 following a 
magnitude 6.2 earthquake 30 km from the Soufriere Hills volcano (Young et al., 
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1998). Both of the previous seismic crises of 1966-67 and 1933-37 followed 
probable magnitude 6 or more earthquakes within 50 kIn of Montserrat (Shepherd 
et ai., 1971). 
2.5 Chronology of the 1995-2001 eruption 
2.5.1 Precursory activity 
An increase in seismicity was monitored in the Montserrat area in 1992 and rose 
markedly in November 1994, with a large number of relatively deep (10-20 km) 
earthquakes being recorded by the regional seismic monitoring network on 
Montserrat and in surrounding islands (Young et al., 1998). 
The 1995 to 2001 eruption of the Soufriere Hills Volcano began with no direct 
precursory seismic activity on 18 July 1995 by the onset of vigorous phreatic 
activity from several steam vents across the northwest side of the Castle Peak 
dome (Young et al., 1998). Early seismicity showed a NE-SW alignment of 
epicentres, at depths of 5 lan, beneath St. George's Hill and the northeastern flank 
of the Soufriere Hills (Aspinall et al., 1998). Phreatic explosions and associated 
steam and ash columns continued for a further 4 months with notable explosions 
on the 21 August, 31 October and 4 and 9 November 1995. Cold PDCs produced 
by these explosions engulfed the capital town of Plymouth and caused darkness for 
up to 30 minutes at a time. 
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2.5.2 First phase of magma extrusion 
Fresh incandescent andesite lava was fIrst extruded on 15 November 1995 with a 
growth rate of 0.5 n13 S-1 (Young et aI., 1998; Robertson et aI., 2000) and increased 
to 2 m3 S-1 in late January 1996 continuing at that rate until July 1996. Samples of 
dome rock collected at this time were andesitic and similar in composition and 
mineralogy to those previously erupted by the Soufriere Hills Volcano (Rea, 1974; 
Wadge and Issacs, 1988; Robertson et ai., 2000). An increase in extrusion rate in 
February 1996 changed the surface morphology of the dome significantly as two 
elongate ridges oriented northeast-southwest, were extruded (Robertson et aI., 
2000). Between November 1995 and February 1996 the dome typically produced 
spines, which collapsed to form a talus apron around it. A switch in the direction 
of growth in early March 1996 caused the build-up of unstable talus material on 
the northeastern side of the dome. The first "hot" PDCs were generated due to 
gravitational collapse of this unstable material in late March 1996 and were 
directed to the northeast down the Tar River valley (Cole et al., 1998) (Fig. 2.2). 
PDCs continued to be generated and focused down this valley eventually reaching 
the sea, 2.9 km from the dome, on the 12 May 1996. Thereafter the extrusion rate 
increased to 4 m3 S-l (Robertson et al., 2000). These high magma prod~ction rates 
led to frequent gravitational collapse of the dome, producing PDCs which travelled 
down the Tar River valley. 
The collapse of 12.3 x 106m3 of material from the dome over nine hours on the 17 
September 1996 led to depressurisation of the dome interior and conduit causing 
the first magmatic explosion of the eruption (Robertson et ai., 1998; Young et aI., 
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1998), The explosion produced a colunm of tephra 14 km high and deposited ash 
and pumice over much of the southern half of the island. Ballistic blocks reached 
up to 2 km distance to the northeast of the dome, and deposits from PDCs in the 
Tar River substantially extended the coastal fan that had formed (Robertson et ai., 
2000). 
The dome resumed growth in October 1996, rapidly infilling the scar from the 17 
September explosion. During this phase of growth, prolonged earthquake swarms 
were accompanied by deformation of the steep southwest crater wall (Galway's 
Wall). Landslides occurred from the outside face of the wall and eventually large 
fractures were developed on its surface (Robertson et ai., 2000). The growth of the 
fractures on Galway's wall elevated levels of concern as to the possibility of a 
major sector collapse down the White River valley. However the locus of dome 
growth switched back to the north, following partial dome collapse and the first 
pumiceous PDCs were generated on the 11 December 1996 (Young et aI., 1998). 
The dome remained relatively stable switching its growth focus periodically from 
the south to the north of the crater with PDCs travelling down the Tar River in 
January. In February 1997 PDCs overtopped English's Crater for the first time and 
on 31 March travelled 4 km down the White River valley (Cole et al., 1998), The 
total volume of magma erupted at the end of April 1997 was estimated to be in the 
region of 77 x 106m3 (Robertson et ai., 2000). 
In mid-May the focus of dome growth switched to the northern side of the crater 
and material was issued into the valleys on the northern slopes of the volcano. By 
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early June PDCs had begun to propagate down Tuitt's Ghaut then down Mosquito 
Ghaut in mid-June 1997 (Fig. 2.2). On the 25 June 1997 voluminous PDCs (5.5 x 
106 m3) overwhelmed villages in the central and eastern parts of the island 
claiming the lives of 19 people and reaching to within 200 m of the airport and 50 
m of the coast (Loughlin et ai., 2002). 
2.5.3 Vulcanian explosions and sector collapse 
The dome continued to grow rapidly (5-10 m3 S-1) following the 25 June 1997 
collapse producing further although more minor collapses throughout july. On the 
3 August 1997 PDCs destroyed large parts of the capital, Plymouth (Fig. 2.2) and 
throughout August, thirteen vulcanian explosions occurred generating column­
collapse pumice flows (Druitt et ai., 2002b). A major gravitational collapse of 13.6 
3 
x 106 m of material occurred on 21 September 1997 generating PDCs that 
devastated W.H. Bramble Airport on the eastern coast of the island (Robertson et 
ai., 2000). This collapse unloaded the dome and triggered a series of seventy-five 
vulcanian explosions which occurred regularly throughout the remainder of 
September until 21 October 1997 (Druitt et al., 2002b). 
The September and October phase of explosive activity resulted in excavation of a 
crater 300 m in diameter within the dome (Young et al., 1998). Dome growth 
recommenced immediately after the explosions and rapidly filled the crater in the 
north, and activity switched to the southwest side of the dome. A lava lobe was 
m3extruded at 11 S-1 on this side of the dome and two gravitational collapses 
resulted from this rapid period of growth. The first one occurred on 4 November 
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on the southern side of the dome, removing material from the cold pre-explosion 
dome complex which grew in April and May 1997. A second and larger collapse 
occurred on 6 November involving hotter material from the 4 November lobe. The 
PDCs associated with both of these collapses involved 5.2 x 106 m3 of material, 
which reached the sea at the mouth of the White River valley. A fan was produced, 
1 km wide extending seawards by 600 m. 
Rapid regrowth of the dome (7-8 m3 S·l) commenced after the Noverrlber collapses 
with extrusion of another southern lobe resulting in the generation of frequent 
rockfalls and minor PDCs down the White River valley. A thick apron of talus was 
subsequently produced extending 500 m beyond the base of Galway's Wall at an 
angle of repose of 33°. The remnants of Galway's Wall and Galway's Soufriere 
became completely engulfed by the growing dome and rapidly accumulating talus. 
3The dome had an estimated volume of 26 x 106 m3 with a growth rate of 11 m S-l 
in early December (Young et al., 1998). 
The dome continued to grow throughout December producing further rockfalls and 
PDCs travelling into Galway's and the upper reaches of the Tar River. By 23 
December the active part of the dome had reached an estimated height of 1020 m 
above sea level, the greatest height the it had been since the eruption began. The 
3
estimated volume for the dome at this stage was 110 x 106 m , giving an average 
1growth rate of 5 m3 8. . 
On 26 December 1997 at 03:01 LT sector collapse of the old volcanic edifice on 
38 

Chapter 2, Geological setting Lucy.J.Ritchie 
the southern side of the dome occurred producing a debris avalanche. This 
initiated massive explosive failure of the dome generating a lateral blast 
accompanied by highly energetic PDCs that devastated an area of 10 km2 (Sparks 
et ai., 2002). The collapse carved a huge scar in the donle, which rapidly filled up 
with new lava. The new dome grew to 1011 m a.s.l. and in early March 1998 a 
large spine was extruded giving the dome a summit height of 1027 m a.s.l. 
(Robertson et al., 1998; Norton et aI., 2002). 
2.5.4 Cessation of dome growth and degradation 
The dome ceased growth in mid-March, 1998, and had an estimated volume of 
3113 x 106 m • There was a sudden increase in activity on 3 July 1998 when 15-20 
3% of the dome (17-23 x 106 m ) collapsed down the Tar River generating flows 
which reached the sea and ballistic blocks that were propelled up to 1 km away 
from the dome (Robertson et aI., 2000). 
The dome continued to degrade gravitationally throughout August and September 
1998 with lahars, induced by heavy rainfall, inundating Plymouth, the Belham 
valley and W.H. Bramble Airport (Fig. 2.2). Between December 1998 and May 
1999 activity was dominated by periods of steam and ash venting following dome 
collapses or small explosions (Robertson et at., 2000). During March 1999 there 
were 23 explosive and ash-venting episodes producing ash clouds reaching to 6 
km in height (Norton et aI., 2002). Dome collapses on 22 May and the 5 June 1999 
produced PDCs which travelled down the Tar River reaching the sea with PDCs 
from the latter event also travelling down Tuitts Ghaut (Robertson et aI., 2000). 
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Activity levels declined after a large dome collapse on 20 July 1999 (volume of 5 
x 106 m 3) then increased again with an explosion on the 3 September 1999 (Norton 
et al., 2002). Seismicity increased substantially and was accompanied by phreatic 
explosions at the beginning of November 1999 and on the 8 and 9 November 
explosions produced fallout containing pumice clasts. On the 27 November a new 
dome was observed marking the start of the second phase of magma extrusion 
(Norton et al., 2002). 
2.5.5 Second phase of magma extrusion 
The dome continued to grow rapidly throughout the fIrst few months of 2000. In 
July the highest point on the dome was at 940 m a.s.l. and throughout August and 
September the summit altitude of the dome increased to 1000 ill, although spines 
that were extruded reached 1054 m. The volume of the dome at this stage was 
estimated to be over 50 x 106 m3 (MVO Quarterly Report, July-September 2000). 
As the dome continued to grow throughout August and September 2000, PDCs 
were generated by small collapses. These PDCs were confined to the Tar River 
valley and some reached the sea. In August and September there were a number of 
small explosions that produced ash clouds, which reached to between 2 and 4 km 
height a.s.!. By March 2001 the new dome had reached a volume exceeding 100 x 
106 m3• 
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2.6 Pyroclastic density currents and their deposits formed between 
March 1996 and December 1997. 
Between March 1996 and the 25 December 1997 two main mechanisms led to the 
generation of pyroclastic density currents: gravitational dome collapse and 
fountain-collapse. Gravitational dome collapses produced PDCs which comprised 
a basal avalanche of blocks and ash and an overriding dilute ash cloud surge 
derived by elutriation from the dense underlying unit (Cole et al., 1998). PDCs 
generated from collapse of Vulcanian explosion columns were composed 
primarily of pumice and are here tenned pumice-and-ash-flows (Cole et al., 2002). 
2.6.1 Gravitational dome collapse 
Gravitational dome collapse PDCs were categorised into discrete events, where 
material was shed in one pulse, and sustained events, where the dome 
retrogressively collapsed in a more sustained manner (Cole et al., 1998). Discrete 
events were in the range of 0.2 x 106m3 while sustained collapses had volumes of 
31-9 x 106m . The total volume of deposits as of 25 December 1997 was 125 x 
3106m (Cole et al., 1998). The PDCs were particularly erosive, removing 
vegetation and topsoil and scouring pre-existing deposits by up to 30 m depth in 
places (Cole et al., 1998). 
2.6.2 Fountain-collapse 
During the period of Vulcanian explosions, pumice-and-ash-flows were typically 
generated by collapse of the column, which occurred from 300 to 450 m above the 
crater rim (Dnlitt et al., 2002b). The pumice-and-ash-flows are composed 
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predominantly of pumice clasts in a fine ash matrix and form deposits that are 
sinuous and lobate with well-developed levees and snouts. Individual lobes are up 
to 300m long and up to 50 m wide (Cole et al., 2002). 
Hazard Evaluation 
An evaluation of the hazards posed by the possible reactivation of one of 
Montserrat's volcanoes was initiated after the seismic crisis of 1966-67. Baker 
(1985) and Wadge and Issacs (1988) recognised that the greatest threat came from 
the youngest volcanic centre, the Soufriere Hills Volcano, being built almost 
exclusively by domes and pyroclastic deposits . The persistent fumarolic activity 
and intermittent shallow seismicity in the vicinity of the volcano suggested the 
possibility of a future eruption (Baker, 1985). 
lsSO<xx:mN 
§
VERY LOW Contour Interva l IS 200 feet 
(metres ~ feet x 0,3048) 

38C1axmE 
N 
I 
- main road 
PYROCLASTIC FLOW 
HAZARD 
MODERATELY HIGH 
MODERATE 
HIGH 
LOW 2km 
, 8 5ClaxmN 
1643'N 
Roche's 
Bluff 
Figure 2.4:Hazard map for Montserrat after Baker (1985). 
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Baker (1985) recognised that the Tar River valley on the eastern side would be 
most susceptible to pyroclastic flow activity due to the geometry of English's 
crater. However, if the dome were to grow large enough Plymouth would be 
under threat and possibly the Belham valley (Fig. 2.4), Wadge and Issacs (1988) 
used a digital elevation nlodel of the topography of the island and a mathematical 
model of gravitational flow to create a map of volcanic hazards for Montserrat. 
They simulated the hazards from PDCs generated during the successive stages of 
an eruption whose energy release increased with time, using the distribution of 
prehistoric deposits. The hazard map shows zones of increasing susceptibility that 
could be used specifically for emergency planning (1= high, 7= low) (Fig. 2.5). 
After the onset of escalated activity on Montserrat in 1996, observations of the 
dome and routes of pyroclastic flow activity were used to construct hazard maps as 
the current eruption progressed. The first voluntary evacuations began on 21 
August 1995 when the phreatic explosions blanketed the capital in ash and 
darkness. The second advised evacuation of the southern parts of Montserrat was 
initiated on the 1 December 1995 when initial dome growth was observed. This 
evacuation lasted until 1 January 1996 when it was decided that the dome growth 
was non-explosive and therefore did not cause an immediate threat to the 
population in the south (Robertson et at., 2000). The third advised evacuation was 
prompted by the onset of pyroclastic flow activity in southern Montserrat in April 
1996. The first hazard map was issued by the MVO in October 1996 with zones of 
increasing risk placing the Tar River in the highest risk zone (Fig. 2.6a). As the 
activity escalated, an updated risk map was presented in November 1996 to 
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2.5: Wadge and Issacs (1988) sequential hazard zone map of the Soufriere Hills 
Volcano for an eruption centred on the Castle Peak dome (marked by a white cross) . 
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Figure 2.6: Hazard maps for Soufriere Hills Volcano, 1997 (MVO). A- greatest risk, 
G- lowest risk. 
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include the area around the White River valley in the high-risk zone (Fig. 2.6b). 
On 6 June 1997 the risk map was amended to include the valleys to the north of 
the volcano (Tuitts and Mosquito Ghaut) in the high-risk zone (Fig. 2.6c). Again. 
on 24 June 1997, the map was amended to include Gages and the valleys to the 
east of the volcano (Fig. 2.6d). A complete evacuation of the southern 
communities was enforced following the deaths caused by the devastating 
pyroclastic flow activity on 25 June 1997, which had all occurred within the 
exclusion zone. The format of the hazard map issued on 4 July 1997 was changed 
and called for a complete exclusion zone south of the Centre Hills with no 
admittance (Fig. 2.6e). A central zone, which included the towns of Salem and Old 
Towne, was deemed to be of moderate risk. In September 1997 during the 
vulcanian explosions, the central zone was moved north so that Salem and Old 
Towne were included in the exclusion zone (Fig. 2.60. 
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3 	 Sedimentology of deposits from the pyroclastic density 
current of 26 December 1997 at Soufriere Hills Volcano, 
Montserrat. 
3.1 Introduction 
At 03:01 (local time) on 26 December 1997, major sector collapse, followed by 
collapse of the andesitic lava dome, occurred at the Soufriere Hills Volcano, 
Montserrat. This collapse resulted in the most voluminous and intense period of 
volcanic activity during the 1995-1999 phase of the current eruption. The collapse 
followed rapid growth on the southern side of the dome in November and 
December 1997, after the Septeruber-October 1997 period of explosive activity 
(Young et al., 1998; Sparks et at., 1998; Robertson et al., 2000; Druitt et al., 
2002b). A pulsatory high-energy pyroclastic density current (PDC) was generated 
by the collapse. The scale and nature of the devastation caused by the PDC 
indicates that the current was much more energetic and destructive than the dome­
collapse and fountain-collapse flows that had occurred previously (see Cole et al., 
2002; Druitt et al., 2002b). The deposits of the PDC show strong similarities with 
those generated in eruptions that have been identified as volcanic blasts, such as 
Bezymianny, Russia, in 1956 (Belousov, 1996) and Mount St. Helens, USA, in 
1980 (Hoblitt et al., 1981). 
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This chapter investigates the deposits and landscape modification due to passage 
of the PDC, and uses the deposit lithofacies to constrain its transport and 
depositional mechanisms. Firstly, this chapter describes the stratigraphy of the 
deposits and characteristics of lithofacies preserved, and their lateral variations. 
Secondly, sedimentary structures, erosional features and directional data are 
described in conjunction with detailed grain size characteristics of the deposits. 
Finally, a model is presented for the transport and depositional mechanisms, 
related to theoretical modelling of the lava-dome collapse (Woods et al., 2002). 
Throughout this chapter the term PDC refers to the blast-generated PDC. 
3.2 Chronology 
The sector collapse, caused by failure of the hydrothermally altered flanks of the 
volcano, undermined the lava dome, which then failed. Subsequent explosive 
disintegration of the pressurised dome generated a high energy PDC which, 
devastated about 10 km2 over a 70° sector of the southwestern flank of the 
volcano (Fig. 3.1). The size of the resulting scar indicated that this dome collapse 
was approximately five times larger than previous collapses and involved a 
volume of material of .... 80-90 x 106 m3 (Sparks et'al., 2002). 
The debris avalanche from the sector collapse, travelled 4 km down the White 
River valley (Fig. 3.1) and terminated on a pre-existing fan of pyroclastic material 
at the coast. The deposits of the debris avalanche (an estimated volume of 45 x 
106 3m ) comprise hummocky lobes of hydrothermally altered material, and occur 
along the length of the White River valley (Voight et ai., 2002). Two lobes of the 
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debris avalanche deposit, one northwest of the village of Morris' and another on 
the east side of the White River valley (Fig. 3.1), formed where the avalanche 
sunnounted the valley sides. 
The main PDC was directed southwestwards from the dome along an axis 1.5 km 
north of the White River valley, and a large proportion of it entered the sea 
causing aIm high tsunami in some of the western bays of Montserrat (Sparks et 
at., 2002). The PDC was largely erosive and generally formed thin deposits on 
land, as documented in this chapter. An ash plume that was derived from the PDC 
ascended to 14.9 Ian and was tracked by NOAA (National Oceanic and 
Atmospheric Administration) as it was blown towards the SSE (Bonadonna et aI., 
2002b). 
3.2.1 Seismicity 
Seismicity provides the greatest constraint on the timing of the eruption. The main 
seismic signal was pulsatory in nature with six distinct pulses being distinguished 
(Fig. 3.2). The time of the initial collapse is taken as 03:01.0 LT and the finish as 
03:16.2 LT (Sparks et al., 2002). This main period was followed by less intense 
activity which dropped to background levels at 03:32.1 LT. During the latter part 
of the activity, periods of monochromatic tremor with a frequency of 1.9 Hz were 
recorded along with three distinctly higher amplitude signals, each one being 
smaller than the previous signal (Fig. 3.2). The total duration of the main activity 
was 15.2 minutes, with the period of strongly pulsed high amplitude seismicity 
lasting only 11.6 minutes. The whole eruption lasted 31.1 minutes. The three high 
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amplitude pulses, which were identified, are similar in frequency to those signals 
generated by the Vulcanian explosions in the August to October 1997 period of 
activity and are therefore interpreted to represent post-collapse ash venting and 
associated Vulcanian explosions (Sparks et at., 2002). 
3.2.2 Volumes 
Volumes of material involved in the collapse were estimated from the dimensions 
of the scar that was excavated, using simplified geometry and cross-sections 
(Sparks et al., 2002). Calculations show that the collapse was comprised of 20-30 
x 106 m3 of hydrothermally altered rocks from the Galway's Soufriere area, 5 x 
106 m3 of the remnants of the old volcanic edifice (Galway's Wall), 25 x 106 m3 of 
the lava dome that had grown between 6 November and 26 December 1997 and 
30 x 106 m3 of dome talus (Fig. 3.1). 
3.2.3 Dynamical constraints 
Field observations and numerical models were used to estimate the dynamical 
constraints of both the debris avalanche and pyroclastic density current (Sparks et 
al., 2002). 
3.2.3.1 Debris Avalanche 
From field observations it can be postulated that the debris avalanche was 
emplaced prior to PDC emplacement at approximately 03:03.3 LT, giving a 
minimum average velocity of 35 m S·l (Voight et al., 2002). The debris avalanche 
also spilled out of the White River valley and came to rest above the village of 
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Morris', at a height of 60 m above the valley floor. It is envisaged that the debris 
avalanche deposit was not substantially expanded in comparison to the thickness 
of the final deposit, and therefore a conversion of potential to kinetic energy gives 
a velocity of 35 m S-1 (Sparks et al., 2002). Three-dimensional numerical 
modelling by Heinrich et aI. (2001), using the pre-emplacement topography, 
suggests an emplacement time of less than 3 minutes and a peak velocity of 40 m 
S-1. Their modelling also showed that the surface of the flowing debris avalanche 
was well below the top of the valley walls. 
3.2.3.2 Pyroclastic Density Current 
There are several constraints on the dynamics and timing of the PDC. On the 
southern side of the White River Vaney the PDC ran up 150 m elevation to the 
summit of the South Soufriere Hills, which implies a minimum velocity of 
55 m S-1 using a kinetic to potential energy conversion (Sparks et aI., 2002). 
Velocities have been estimated fTom the destruction of a seismic station at St 
Patrick's, which ceased transmission at 03 :03.3 LT. The times of emplacement of 
the debris avalanche deposit and the PDC were calculated using the models of 
Heinrich et aI. (2001) and indicate that the minimum average velocity of the PDC 
was in the region of 60 m S-1 (Sparks et al., 2002). Damage to buildings was 
related to the impact pressure (Valentine, 1998) and yielded current velocities in 
the range of 50-70 m S-1 (Sparks et ai., 2002). Applications of flow models (Bursik 
and Woods, 1996; Woods et al., 2002) indicate that peak velocities may have 
even exceeded 90 m S-l. 
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3.3 Description of lithofacies 
The area devastated by the collapse is characterised by deep valleys (ghauts) 
radiating from the southern and western flanks of Soufriere Hills Volcano. The 
largest drainage is the White River valley, which extends south from the dome 
(Fig. 3.1). Prior to the eruption, the upper slopes of the area were heavily 
vegetated and several villages were located near the coastline to the west and 
southwest (Fig. 3.3). Dome collapses and explosions earlier in 1997 (4 and 6 
November 1997) generated pyroclastic flows and surges that travelled down the 
White River valley (Cole et al., 2002) and built a fan of pyroclastic deposits 
extending 1 km along and 400 m beyond the original coastline. 
The general distributions of the main lithofacies are shown in Figure 3.1 and the 
main sedimentological and granulometric characteristics of each lithofacies are 
detailed in Figure 3.4. To describe the deposits and effects of the PDC, the 
devastated area is divided into six regions (Fig. 3.5) on the following basis. First, 
the PDC went out to sea so there is no information on the most distal areas. 
Second, lithofacies distributions are strongly controlled by topography so there 
are significant differences between those deposits occurring in valleys and those 
on interfluves. Some regional boundaries are defined by marked changes in grain 
size across major Valleys. Third, field observations illustrate that lithofacies, 
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structural damage and erosion depend strongly on azimuth, such that across the 
70° sector of the affected areas there are major lateral changes at similar radial 
distances from the dome. The strong azimuthal variations in lithofacies make 
development of a scheme of proximal to distal variations difficult. Hence axial to 
peripheral areas across the 70° sector are described, with the main axis of the PDC 
extending through the upper reaches of the White River valley and across the 
southern part of Region 3 (Fig. 3.5). 
The deposits of the 26 December 1997 PDC are divided primarily into those that 
are valley-confined and those that are unconfined. 
3.3.1 Unconfined lithofacies 
Deposits constituting unconfined lithofacies cover an area from the summit of the 
volcano to Aymer's Ghaut in the west and to the summit of the South Soufriere 
Hills in the south (Fig. 3.1). Three stratigraphic units (1, IT and Ill) are defmed 
(Fig. 3.4). The deposits are similar to those documented at Mount St. Helens 
(Hoblitt et al,. 1981) and hence the nomenclature used for classification follows 
previous schemes (Hoblitt et al., 1981; Druitt, 1992; Droitt, 1998), 
3.3.1.1 Unit I, Layer 1 
Layer 1, at the base of the sequence, typically ranges from coarse breccia to 
coarse ash and has little fine ash. It is up to 3 m thick and characteristically shows 
normal grading (Fig. 3.6a), although reverse to normal grading occurs locally 
(Fig. 3.4). Layer 1 is brown to grey and is predominantly composed of clasts of 
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Chapter 3: Sedimentology ofPDC deposits, Montserrat Lucy.J.Ritchie 
poorly vesiculated juvenile dome rock, which increase in abundance and 
maximum size (up to 50 cm) from peripheral towards axial areas. Sparse 
accidental pumice clasts, thought to have been incorporated from underlying 
deposits of the Vulcanian explosions of August to September 1997 (Young et al., 
1998; Druitt et al., 2002b), are also present. At localities downcurrent of the debris 
avalanche deposits (e.g., locality 70, Fig. 3.5), layer 1 is rich in accidentally 
incorporated hydrothermally altered clasts. Within 2-3 km of the dome, the layer 
is rich in accidental lithics and elongate fragments are imbricated with long axes 
oriented 180-200°. Poorly defined stratification occurs locally at the top of layer 
1. The contact with the substrate is typically sharp and erosional (Figs 3.6b and c). 
3.3.1.2 Unit I, Layer 2 
Layer 2 is predominantly composed of ash with subordinate lapilli, up to 5 cm in 
size, and is finer grained than layer 1. It typically ranges in thickness from 1 - 10 
cm, although locally it is up to 30 cm thick, and is grey and massive to normally 
graded with local reverse and reverse-to-normal symmetrical grading (Fig. 3.4). 
Stratification is generally better developed than in the underlying layer 1, with 
cross-bedding and dune-forms present (Figs 3.6b and c). Contacts with the 
underlying layer 1 are typically sharp with a distinct grain size decrease (Fig. 
3.6a), but locally they are gradational. 
3.3.1.3 Unit II, Layer 1 
This layer ranges from breccia to lapilli-bearing coarse ash. Its maximum 
thickness is 160 cm in axial areas, but it thins rapidly to 2-7 cm in peripheral areas 
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Figure 3.6: a) Unit I, layers land 2 in Region 4, Upper Galway's Estate, 
Locality 67 (Fig. 3.5). Note the pronounced grainsize break between the 
layers. 
Figure 3.6: b) Unit I, layers land 2, and Unit III in Region 1, Fairfield, 
Locality 61 (Fig. 3.5). Note the cross-stratification in the hollow by the 
middle arrow, accompanied by a thickening of layers 1 and 2. 
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(Fig. 3.4). The layer is normally graded at distances of 3-6 km from the dome and 
reversely graded at more axial localities <3 km from the dome. Lithics up to 1 m 
in diameter are of both angular, glassy, poorly vesiculated dome rock and 
hydrothermally altered lithologies. Locally the layer shows marked thickening 
into topographic depressions (Figs 3.7a and b). 
3.3.1.4 Unit II, Layer 2 
Layer 2 is rich in fine ash. It is up to 7 cm thick, normally graded, and contains 
clasts of poorly vesicular, juvenile dome rock up to 3 cm (Fig. 3.4). Where the 
layer is thinner than 5 cm it is typically stratified and has similar characteristics to 
layer 2 of Unit I. 
3.3.1.5 Unit III 
Unit III is a normally graded layer, 4-6 cm thick, conlposed of fine ash with 
abundant lenticular accretionary lapilli typically 5 rom in diameter but up to 11 
mm in diameter. Angular clasts of moderately vesicular juvenile dome rock, 
ranging in size from 1-5 cm are typically scattered across the surface. Unit III is 
interpreted as the fallout layer from ash clouds generated by the PDC. The 
accretionary lapilli within this unit are taken as evidence of abundant moisture in 
the cloud and the constant thickness of the layer over topographic irregularities 
suggests a simple fallout mechanism of deposition. The scattered angular clasts 
are interpreted as registering the three Vulcanian explosions that followed the 
generation of the PDC. 
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sw NE 
Volcano 
diameter 
Figure 3.7: a) Unit II, layer 1 in Region 4, Upper Galway 's Estate, Locality 
68 (Fig. 3.5). The deposit is a topographically confined sheet and is absent 
on the interfluve to the right, which is covered by Unit I, layers 1 and 2. 
(Person for scale). 
w E 
Volcano 
Figure 3.7: b) View of the edge of the Unit II, layer I deposit, Locality 68 
(Fig. 3.5). Note the absence of impact craters on the surface of Unit II, layer 
l. (Person for scale middle right) . Box shows the location of Figure 3.7a. 
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3.3.2 Valley-confined lithofacies 
The valley-confined deposits are sub-divided into block-poor deposits, which 
were found in all major drainages and topographic depressions across the area, 
and block-rich deposits, which occur primarily in the White River valley. 
3.3.2.1 Block-poor deposits 
Block-poor valley-filling deposits occur in all the valleys (e.g., Gingoes and 
Germans Ghauts) in the areas affected by the PDC, and are interpreted as surge­
derived pyroclastic flow deposits in that they derive from the lower concentration 
parts of the PDC. In particular, a major block-poor deposit formed in Dry Ghaut 
to the southeast of the dome (Fig. 3.1). The deposits in Dry Ghaut are fine-grained 
and massive with maximum thicknesses of 1.5 m. They show typical valley-filling 
form with flat upper surfaces and are flanked by a singe and tree-blow down zone, 
which significantly decreases in height with increasing distance down the valley. 
In the upper region of Dry Ghaut (1 Ian from the dome) the singe zone is up to 
100 m above the valley floor. The block-poor PDC deposit, which is thickest in 
the central channel (1.5 m), thins to a few tens of centimetres on the valley sides. 
The deposit comprises two layers (Unit I, layers 1 and 2) capped by a layer of 
accretionary lapilli (Unit III). Layer 1 exhibits normal to inverse grading, and is 
typically composed of fines-poor ash with blocks and lapilli. It is thickest in the 
lee of obstacles and topographic depressions however, was also observed to pinch 
out completely over distances of only a few metres. Layer 2 is rich in fine ash and 
scattered lapilli. Abundant gas escape pipes up to 10 cm in diameter and 60 cm in 
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length were observed towards the top of layer 2. The contact at the base of layer 1 
is typically erosive, with pockets of soil, vegetation and vuIcanian ash (from 4 and 
6 November 1997 collapses) incorporated in the lower few centimetres of the 
layer. The contact between layers 1 and 2 is typically sharp although locally 
gradational. At the very head of the valley, which is a broad plateau area, the 
stratigraphic sequence is repeated with two layers similar to layers 1 and 2. These 
layers are interpreted to represent Unit II of the unconfined PDC facies. Grain size 
and thickness of the deposits generally decreases from the valley floor to the top 
of the singe zone. 
Further down Dry Ghaut (1-2 km), the gradient of the valley sides increases. Unit 
II is not observed and the block-poor PDC deposits comprise one massive layer, 
interpreted as Unit I, layer 1, which is up to 2 m thick, composed of fines-poor 
material with lapilli and blocks. In the lower region of the ghaut where the PDC 
terminated (>2 km) the deposit is flat-topped, up to 1 m thick and typically 
massive to normally graded. 
The current that formed the block-poor deposits in Dry Ghaut drained east from 
above the White River valley and terminated 200 m from Landing Bay on the 
eastern coast of the island (Fig. 3.1). It moved outside the area inundated by the 
parent PDC in a southeasterly direction governed by the valley. The height of the 
singe and tree blow down zone is only a few metres higher than the level of 
deposit surface suggesting that the PDC was not significantly expanded by this 
stage (Druitt et aI., 2002a). The block-poor deposits are attributed to high­
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concentration granular flows that were derived by sedimentation from pyroclastic 
surges. These surge-derived pyroclastic flows are described in detail by Druitt et 
al. (2002a). From analysis of grain size data, Druitt et al. suggest that the flow 
formed mainly by suspended-load fallout in the upper hundred metres of the ghaut 
and propagated without significantly changing its grain size distribution. 
3.3.2.2 Block-rich deposits 
These deposits resemble the block-and-ash flow deposits produced previously by 
dome collapse on Montserrat (Cole et aI., 1998; Cole et al., 2002). They are up to 
several metres thick and partially infill topography on the hummocky surface of 
the debris avalanche deposit in the White River valley and locally above the 
village of Morris' (Fig. 3.1). 
3.4 Regional and local lithofacies variations 
The lithofacies variations with respect to the defmed regional areas (Fig. 3.5) and, 
within each region, to local topography are described. On a large scale, deposits 
drape the topography throughout the area (Fig. 3.8), However, on a local scale, 
marked lithofacies and thickness variations relate to small-scale topography. 
Some of the thickening in valleys such as Gingoes and Germans Ghauts is due to 
deposition from surge-derived pyroclastic flows (Droitt et aI., 2002a). On a local 
scale (0.01-10 m), rapid changes in thickness (0.1 to 1 m) occurred in one of two 
different ways related to topography. First, there was marked thickening in 
depressions and valleys irrespective of their orientation, which is referred to here 
as ponding (Fig. 3.9a). Second, thickening occurred in the lee of obstacles and 
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convex breaks in slope (Fig. 3.9b). Thickness relationships from peripheral to 
axial regions are illustrated in Figures 3.10a and b. Both layers 1 and 2 tend to 
increase in thickness from peripheral to axial areas. Normal grading in the 
deposits is well developed especially in Unit I, layer 1. Median diameters plotted 
against height above the local ground level show this trend (Fig. 3.11). The 
strength of grading is apparently unrelated to the thickness of the deposit or 
location (Fig. 3.11) 
3.4.1 Region 1 
Region 1 is the most peripheral of the devastated area (Figs 3.1 and 3.5). Deposits 
are more continuous but thinner than in all other regions, with a mean total 
thickness of 10 cm (Fig. 3.4). Within Unit I, layer 2 is typically fmer grained and 
less well sorted than layer 1 (see Fig. 3.4). Layer 1 shows normal grading and 
near the northerly limits of the deposit it becomes discontinuous and is confmed 
to small (10 cm wide and 2-5 cm deep) topographic depressions (Fig. 3.6c). The 
deposits are typically massive but commonly become stratified adjacent to or 
within small-scale topographic irregularities (Fig. 3.9). In particular, stratification 
occurs downcurrent of small obstacles and at the base of small depressions 10-30 
cm across (Fig. 3.12). Stratification typically consists of several alternating fines­
rich (McLp - 2.5) and fines-poor (Mdq, - 1.4) layers, each of which is up to 1 cm 
thick. 
Occurrence of Unit II, layer 1 is intermittent throughout this region. The layer 
generally has sharp contacts with underlying Unit I, layer 2 (Fig. 3.13a). Unit IT, 
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layer 2 is thickest in the NE of the region within 2 km of the dome, and has a 
gradational contact with Unit II, layer 1 (Loc. 75 in Fig. 3.5). A remarkable 
feature of Region 1 is that deposits of Units I and II are absent on surfaces at 
elevations >1.5 ill above the local ground level. Several houses with flat concrete 
roofs 1.5 - 2 m above the local ground surface lack Unit I and IT deposits. Unit ITl 
is ubiquitous and is up to 6 cm thick (Fig. 3.4) with accretionary lapilli up to 11 
mm in diameter. 
3.4.2 Region 2 
Region 2 is dominated by two interfiuves, Reid's Hill and Spring Estate, and is 
bounded on either side by Germans and Gingoes Ghauts (Fig. 3.1). The deposits 
show little overall variation in thickness (mean 20 em) and in general drape the 
topography with a flat upper surface. In this region all layers from the three 
depositional units were present locally (Fig. 3.13b). 
Unit I, layer 1 is typically normally graded, and in a few places has local poorly 
defined internal stratification. Substantial local lateral variations in median 
diameter occur; for example in one locality the layer coarsens from 2.4~ to 0.8<1> 
over a horizontal distance of 50 cm. Unit I, layer 2 shows well developed 
stratification adjacent to small breaks in slope or depressions of only a few 
centimetres depth (Figs 3.6b and c). The layer is typically normally graded within 
these depressions. In pronounced depressions the layer is typically stratified with 
alternating well sorted, fines-rich (Md~ .... 3.1) and fines-poor (Md~ - 1.5) layers 
up to 1 cm thick (Figs 3.9b (ii) and 3.6b and c). 
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Bordering deep valleys, one or two 4-5 cm thick fines-rich ash layers (Mdq, ::::: 2.7) 
typically occur at the top of layer 2 of Unit 1. The lower of these layers is typically 
massive and the upper layer is stratified. A 1 cm layer of grey, fines-poor ash 
(Unit II, layer 1) intermittently overlies these layers, which are interpreted to be 
part of Unit I, layer 2. These layers, observed throughout Region 2, correlate with 
similar layers in the northwestern limits of Region 3. 
Deposits of Unit II are thickest on Spring Estate in the NE of this region (Fig. 
3.14). Layer 1 is normally graded, containing clasts up to 3 cm of moderately 
vesicular grey juvenile dome rock. It has a gradational contact with the overlying 
fmer grained layer 2. Elsewhere in the region layer 1 occurs as an intermittent 
deposit < 1 cm thick (Fig. 3.13b). Layer 2 only occurs on Spring Estate (localities 
72 and 75); it is normally graded, containing clasts up to 3 cm in size, and has 
poorly developed stratification. Unit III is up to 4 cm thick and is normally graded 
with accretionary lapilli up to 5 mm in diameter. 
3.4.3 Region 3 
This region extends from Germans Ghaut in the NW to the White River valley in 
the east and includes an over-spill lobe of the debris avalanche deposit. This area 
is predominantly characterised by PDC deposits that are patchily developed. The 
deposits are typified by low-profile mounds and ridges metres to tens of metres 
long, sheet-like deposits, and accumulations localised in hollows and around 
obstacles. These localised and often isolated depositional structures occur in areas 
dominated by non-deposition or erosion. 
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Unit I, layer 1 deposits typically form lensoid mounds up to 40 m long and 3 m 
high, as well as accumulations both up current and downcurrent of obstacles such 
as building foundations, boulders and tree stumps (Figs 3.15, 3.16 and 3.17). 
More detailed descriptions of these features are given below (3.6: Structures and 
Bedforms). Layer 1 is typically a coarse breccia largely composed of blocks, up to 
1 m in diameter, and lapilli with little fine ash. The layer is massive, although 
normal grading is well developed throughout the region. Clasts commonly show 
imbrication with long axes oriented at approximately 2200 • Elongate 
accumulations of layer 1 breccia are also orientated with long axes at about 2200 
(Fig. 3.17a). In non-sheltered areas Unit I, layer 1 is commonly absent and layer 2 
rests directly upon an eroded surface (Fig. 3.16). Layer 2 is up to 30 em thick and 
shows poorly developed stratification. Contacts between layers 1 and 2 are mostly 
sharp (Fig. 3.16), although gradational contacts occur in sheltered locations. 
Bordering Germans Ghaut, one or two layers of finer grained ash (Mdq> ::: 2.8) are 
present at the top of Unit I, layer 2 (Fig. 3.13c). The upper one is typically 
stratified but usually ungraded, whereas the lower layer is massive, locally with 
symmetrical or reverse grading. These layers correlate with deposits at the same 
stratigraphic level described previously inRegion 2 (Fig. 3.13c). 
Unit II, layer 1 is present in the western parts of the region as an intermittent layer 
of fines-poor, coarse ash up to 2 cm thick. However, in the hummocky terrain on 
top of the debris avalanche deposit, Unit II, layer 1 comprises a coarse breccia 
commonly concentrated around larger boulders and hummocks, with 
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, 
Figure 3.15: a) Deposit accumulated downcurrent of a boulder in Region 
3, Locality 46 (Fig 3.5). Unit I, layer 1 rests upon pre-eruption ash-fall 
deposits associated with previous block-and-ash flows that travelled down 
the White River valley in 1997. Note the scattering of Vulcanian fallout 
clasts on the surface of the deposit. 
Figure 3.15: b) Accumulation of Unit I, layer 1 upcurrent of a boulder in 
Region 3, near Locality 48 (Fig. 3.5). 
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Figure 3.15 cont: c) Accumulation of Unit II, layer 1 up and downcurrent 
of a boulder in Region 3, near Locality 48 (Fig. 3.5). 
N 
Figure 3.15: d) Accumulation of Unit I, layer 2 in the lee of a demolished 
building. Locality 47, Morris' (Fig. 3.5) (Person for scale). 
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accumulations both up current and downcurrent of such obstacles. Unit III is up to 
4 cm thick and confined to the northwestern parts of the region where there is 
thinning and fining of Unit I, layers 1 and 2 (Fig. 3.13c). 
3.4.4 Region 4 
Region 4 extends from 1 to 3 km from the dome (Fig. 3.5). The deposit is 
discontinuous with considerable thickness variations over lateral distances of as 
little as 2 m. The deposits are more continuous in the northeastern parts of the 
region. Unit I, layer 1 is typically a normally graded, coarse breccia although local 
reverse-to-normal grading also occurs. Imbrication of elongate clasts with long 
axes oriented 2300 occurs locally. Contacts between layers are mostly sharp (Fig. 
3.6a) although some are gradationaL Unit I, layer 2 is fines-rich (Mc4 =2.7) and 
thickest in the lee of large boulders and pronounced convex breaks in slope (Fig. 
3.9). Stratification, although poorly developed, occurs where the layer is thickest. 
At locality 68a (Fig. 3.5) Unit TI, layer 1 rests directly upon an eroded surface and 
shows marked thickening into a depression tens of metres wide (Fig. 3.7). Large 
boulders up to 1 m in diameter are present on the upper surface of the deposit and 
elongate clasts exhibit a preferred orientation of 2280 Impact craters associated • 
with the large blocks were not found. 
3.4.5 Region 5 
Region 5 is east of the White River valley (Fig. 3.5) and is notable for the 
extensive erosion on the west-facing valley wall where almost all vegetation, 
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Figure 3.16: Relationships of Unit I, layers 1 and 2, and Unit III in the lee of boulders. Layer 1 is 
preserved directly behind the boulder or within a metre downcurrent. Sections perpendicular to the long 
axes of the features show that erosion may have occurred obliquely to the long axis of the structure. 
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Figure 3.17: a) Symmetrically streamlined breccia hummock of Unit I, layer 1 in 
Region 3, Morris' area, Locality 48a (Fig. 3.5). Flow direction is from top right to 
bottom left. Note the absence of coarse blocks in the vicinity of the feature. 
Foreground consists of layer 2 deposits resting directly on eroded surface (Person 
for scale). 
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Figure 3.17: b) Northern end of the large streamlined breccia mound in Region 5, 
on the south side of the White River valley, Locality 69 (Fig. 3.5). Helicopter on 
far right for scale. 
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including trees, has been removed. A valley-confined surge-derived pyroclastic 
flow was emplaced in Dry Ghaut to the east (Druitt et a1., 2002a). Deposits are of 
limited extent due mainly to the predominance of steep slopes, although layers 1 
and 2 of Unit I are both found at O'Garras' on the coast (Fig. 3.1). Both layers 
notably contain hydrothermally altered lithic fragments. Unit ITl is absent from 
Region 5. 
3.4.6 Region 6 
Region 6 includes the White River valley extending 4 Ian south to the coast (Fig. 
3.5). Safety considerations prevented detailed examination of PDC deposits there, 
so the following account is preliminary. The valley is filled primarily by debris 
avalanche deposits (Sparks et ai., 2002; Voight et ai., 2002), which extend onto 
the pre-existing pyroclastic fan at the coast. The debris avalanche deposit is 
partially mantled by predominantly coarse-grained PDC deposits up to 10 nl thick. 
The PDC deposits contain moderately vesicular to non-vesicular blocks of 
andesitic dome rock, up to several metres in diameter, set in an ash matrix with a 
layer of fines-poor coarse ash at the base. Locally, the PDC deposits contain 
abundant (50%) hydrothermally altered clasts that are similar to those in the 
debris avalanche deposit (Voight et a1., 2002). These coarse-grained and massive 
deposits could not be specifically correlated with the layered deposits in other 
regions and are mapped as a discrete lithofacies in Figure 3.1. They closely 
resemble dome-collapse pyroclastic flow deposits (Cole et ai., 2002). Prominent 
boulders and hummocks on the surface of the debris avalanche deposit provided 
loci for the deposition of PDC deposit both upcurrent and downcurrent. Smoothed 
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and striated surfaces on the debris avalanche deposit indicate that the PDC caused 
considerable scouring. 
PDC deposits occur at the coast, with the pre-existing fan widening from 1 to 2 
km (Fig. 3.1). On the coastal edge of the fan, massive PDC deposits, up to 1 m 
thick, show reverse grading with blocks up to 15 cm in diameter. The massive 
deposits are divided into 2-3 subunits by fine-grained reversely graded layers (Fig. 
3.18). The subunits have characteristics similar to layers 1 and 2 of the standard 
ignimbrite sequence of Sparks et al. (1973). They pass laterally into thinner, finer 
grained and normally graded layer 2 deposits, although the correlative unit, if any, 
is unknown. Gas segregation pipes were formed locally. Numerous surface 
craters, thought to be formed by degassing from gas-escape pipes, occur up to a 
few metres in diameter and are encrusted with a sulphurous deposit. 
3.5 Interpretation of Depositional Features 
3.5.1 Stratification 
Stratification occurs throughout but is especially well developed in the base of 
topographic depressions. Stratification and development of cross-stratification are 
more prominent with distance from the volcano. Well developed cross­
stratification is diagnostic of traction occurring during sedimentation. Where the 
currents crossed topographic irregularities, such as small depressions, flow 
separation is likely to have occurred. This flow separation will develop turbulent 
eddies that promote tractive working of the sedimented material. Druitt (1992) 
relates cross-stratification in the deposits at Mount St. Helens to a dilute current, 
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which allows tractive working of the sediment load. Arnott & Hand (1989) 
showed in their experiments that development of lamination is supressed and a 
massive deposit is formed when sedimentation rate is sufficiently rapid. The 
increasing prominence of stratification in peripheral areas indicates tractional 
sedimentation was more dominant. This in turn implies a decreasing rate of 
suspended-load fallout and decreasing particle concentration with distance. 
3.5.2 Grading 
Normal grading occurs throughout the deposits, unrelated to location or thickness, 
and is particularly well developed in Unit I, layer 1. Normal grading is attributed 
to deposition from a turbulent particulate current (Middleton, 1967) with 
sufficiently low concentration to allow segregation of coarser grains to the leading 
part and base of the current. Middleton (l966a) noted that rapid deposition of 
sediment and grading within turbidity current deposits occur due to the decline of 
velocity of the body of the current with time at a fixed location. Reverse and 
symmetrical reverse-to-normal grading is observed in the deposits, particularly in 
Unit I, layer 2, and is interpreted as being indicative of high-concentration 
suspensions deposited under waxing and fluctuating flow conditions respectively 
(Middleton, 1967). 
There typically is a grain size break and a sharp contact between layers 1 and 2 of 
Units I and II, which is interpreted as the boundary between deposits from the 
body of the current (layer 1) and the turbulent overlying wake (layer 2). The sharp 
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contact is interpreted to represent an erosive phase between the deposition of 
layers 1 and 2. 
3.6 Structures and Bedforms 
Within Regions 6, 5, 3 and the lower reaches of Region 2, numerous localised 
accumulations of coarse layer 1 breccia are present. These accumulations typically 
form isolated mounds in areas dominated by erosion and or non-deposition. In this 
section we describe some of the best examples. 
On a flat shoulder of Fergus Mountain, just east of the White River valley in 
Region 5 (Locality 69, Fig. 3.5), a large breccia mound occurs and in section has 
the shape of an aerofoil (Fig. 3.17b). Its long axis is oriented north-south (359°), 
approximately normal to the inferred current direction. The structure is 70 m long 
and varies in width from 25 m at its northern end to 17 m in the south. The 
northern, up current margin is 3 m high and almost vertical while the downcurrent 
end tapers to the west at an angle of 14°. The mound is composed mainly of 
coarse (Mdcp> -5.0<1», moderately sorted (a =1.9<1» layer 1 breccia. It is up to 2.7 
m thick with a drape, up to 30 cm thick, of layer 2, which thins to 10 em at the 
southern end of the structure. Clasts within layer 1 are up to 1 m in diameter, but 
are typically 60 em or less. They are of fresh, grey juvenile dome rock, together 
with abundant (25-30% volume) hydrothermally altered rock. Imbrication of 
elongate large clasts and wood fragments is well developed within the mound and 
long axes of imbricated clasts are oriented approximately 200° (as arrow on Fig. 
3.5). 
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In Region 3 west of the debris avalanche overspilliobe at Morris' (Locality 48(a), 
Fig. 3.5) is an isolated elongate mound 40 m long, 7 m wide and 3 m high, with its 
long axis oriented at 2220 (Fig. 3.17a). It thins at both ends (NE and SW) with the 
downcurrent end thinning as a tapered wedge. The sides slope at 30° to the SE and 
180 to the NW. It is composed of coarse layer 1 breccia with sub-angular to sub­
rounded clasts of grey, juvenile andesite and hydrothermally altered dome rock up 
to 60 cm, but predominantly 10-30 cm. The whole mound is draped by up to 25 
cm of layer 2 deposit. The surrounding area is devoid of the coarse layer 1 
material, and layer 2 occurs on the pre-eruption surface. 
Unit I, layer 1 breccia accumulations are typical in the lee of obstacles, such as 
severed tree trunks and building debris (Fig. 5.l5d). The dimensions of the 
accumulation vary according to the size of the obstacle, but are generally 2-3 m 
long, 1-1.7 m wide and 50-70 cm high (Fig. 5.15). Layer 1 is typically 0-25 em 
thick, composed of poorly sorted (0" = 2.5 <1», coarse ash (Md = 0.2 <1». Layer 2 is 
0-4 cm thick, well sorted (0' = 1.7 ~), fine ash (Md = 3.0 $). Two different 
occurrences in the stratigraphy of 'the deposits downcurrent of the boulder are 
identified. First, Unit I, layer 1 occurs downcurrent of the boulder with Unit I, 
layer 2 directly above (Fig. 3.16a). Second, Unit I, layer 2 occurs directly 
downcurrent of the boulder and rests upon the pre-eruption substrate. An erosional 
contact with Unit I, layer 1 occurs about 30 cm downcurrent of the boulder (Fig. 
3.16b). The edge of the feature that is facing the volcano is typically truncated, 
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exposing both layers 1 and 2, and Unit III is absent from this side of the mound. 
Clasts up to 11 em in size protrude from the surface of the truncated edge. 
3.7 Granulometry 
Grain size distributions were determined for 270 samples collected from 76 
localities (Fig. 3.5) (Appendix All). Details of methods are given in Appendix AI. 
Samples were dry sieved at 1 cp intervals to 63 J.Lm (4 <1». Those samples with a 
fine ash «63 ]lm) content> 15% were further analysed with a laser particle sizer 
to 10 $. The grain sizes of coarse breccias (coarser than -5 <1» were determined 
from photographs (Appendix AI). Grain size statistical parameters of Inman 
(1952) are used and are given in Appendix All. 
Median diameters (Mdq,) of deposits range from -5 to 5 cpo Md4> versus sorting 
coefficients (0'4» show good distinction between layers 1 and 2 of Unit I (Fig. 
3.19). At anyone locality layer 1 is always coarser than layer 2, but samples of 
layer 2 in axial areas can be coarser than layer 1 samples from peripheral areas, 
resulting in the overlap in Figure 3.19a and b. Unit ill is finer grained than the 
other layers. Grain size data from the Mount St. Helens blast deposit of 18 May 
1980 were chosen for comparison with 26 December 1997 samples. They are 
plotted with Walker's (1983) fields for pyroclastic flows and surges in Figure 
3.20. The 26 December 1997 samples are similar to the Mount St. Helens Mdq, 
and 04> data, plotting within Walker's pyroclastic surge and flow fields. 
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Figure 3.19: a) Median diameter (Mdq» versus sorting coefficients (a<\» for all samples 
with fields for Unit I, layers 1 and 2, and Unit III. b) Median diameter (Md<\» versus wt % 
of fine ash < 63 microns for all samples showing fields for Unit I, layers 1 and 2, and Unit 
III. 
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Mean values of the grain size parameters Md~ and a~ were calculated for layers 1 
and 2 for each region (Fig. 3.21a). Layers 1 and 2 become finer grained, and the 
contrast in Md~ between layers 1 and 2 decreases, from axial to peripheral regions. 
Tie lines connecting layers 1 and 2 for each region (Fig. 3.21b) show that the 
difference in grain size (Md$ and a~) between layers 1 and 2 decreases between 
Regions 4 (axial) and 1 (peripheral). 
A transect 5 km from the dome, traversing (from axial to peripheral) across the 
White River valley to Aymer's Ghaut in a NW direction, shows the variation in 
Md$ of Unit I, layers 1 and 2 (Fig. 3.22a). This graph illustrates that within each 
region Md~ of layer 1 remains similar, and that the most pronounced change 
occurs across Gingoes Ghaut. Generally the grain size of layer 1 increases 
markedly towards the White River valley, while layer 2 shows little systematic 
change (Fig. 3.22a). Transects from vent to coast, parallel to Aymer's and Gingoes 
Ghauts for Regions 2 and 3 respectively, show little change in median diameter 
(except Region 1, which becomes finer grained) with distance from the dome 
(Fig. 3.22b). Generally, radial transects show less variation in grain size than 
transverse transects from axial to peripheral areas. 
Contoured Md<1h mean and mode maps for both layers 1 and 2 of Unit I (Fig. 3.23) 
show a distinct lobe of coarser deposit extending southwest from the upper 
reaches of Region 4 to Region 3. In general the deposit becomes finer grained 
northwestwards from this lobe, as opposed to radially from the dome, reflecting 
the strong azimuthal variations. Unit I, layer 1 shows an island of finer grained 
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Figure 3.21 : a) Averages of median diameter (Md~) and wt % 
fine ash < 63 microns for all samples in Regions 1, 2, 3 and 4. 
Tie lines join Unit I, layer 1 and corresponding layer 2 for 
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deposit in the western part of Region 1, around Fairfield, which is not apparent in 
Unit I, layer 2 (Fig. 3.23). Contoured Md~, thickness and sorting maps for Unit III 
(Fig. 3.24) show that this layer is thickest in peripheral Region 1, where 
accretionary lapilli reach their maximum size (Fig. 3.4). 
3.8 Component analysis 
Component analyses were performed to assess the spatial and temporal variation 
of lithic and hydrothermally altered material. In an attempt to assess the erosive 
capacity of the PDCs, components were separated from areas up and downstream 
of lobes of the debris avalanche. The debris avalanche deposit is composed of a 
complex mixture of hydrothermally altered and weathered volcanic breccias and 
volcaniclastic deposits together with fresh andesite breccias (Sparks et al., 2002; 
Voight et al., 2002). Hydrothermal material within the debris avalanche deposit is 
thought to be principally derived from the altered rocks of the Galway's Soufriere 
area and remnants of Galway's Wall, both of which were buried by dome talus 
(Sparks et al., 2002). The debris avalanche generated in the collapse was mainly 
confined to the depression of the White River valley, however locally it exited the 
valley at sharp bends and deposited material above the village of Morris' and on 
the southern side of the White River valley (Fig. 3.1). Both of these overspill 
deposits are completely detached from the main avalanche deposits, which are 50­
80 m below, in the valley (Sparks et al., 2002). 
Field observations of the PDC deposits located directly downstream of these 
overspill lobes of debris avalanche deposit revealed that they are rich in 
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hydrothermally altered constituents. It was thus envisaged that the highly 
energetic PDC scoured considerable amounts of hydrothermally altered material 
from the debris avalanche during passage. Component analyses were conducted 
on the -4 to -1 <I> grain size fractions of samples of the PDC deposit (Unit I and 
Unit II) directly downstream (Localities 48, 69, 70 & 71, Fig. 3.5) and upstream 
(Localities 67 & 73, Fig. 3.5) of the debris avalanche overspill deposits. 
Unit I, layer 1 samples directly downstream of the debris avalanche overspill 
lobes are composed of 20-40 % hydrothermally altered lithologies in the -4 and ­
3 <I> fractions and 20-300/0 hydrothermal material in the -2 and -1 ~ fractions (Fig. 
3.25a). Unit I, layer 2 contains minor amounts of hydrothermal material in the -4 
and -3 <I> fractions «5%) however, shows an increase in the percentage of 
hydrothermal components in the -2 and -1 ~ fractions (up to 30%) (Fig. 3.25a). 
Samples from localities upstream of the debris avalanche overspill lobes contain 
up to 20% hydrothermally altered materials (Fig. 3.25a). 
Above the debris avalanche overspill lobe at Locality 73, samples from units I and 
II were analysed to assess the temporal variation in components. Unit I, layers 1 
and 2 contain up to 10% hydrothermal components in the -4 and -3 ~ fractions 
and 15% in the -2 and -1 <I> fractions (Fig. 3.25b). Unit II, layers 1 and 2 are 
composed of up to 20 % hydrothermally altered lithologies in the -2 and -1 <I> 
fractions (3.25b). 
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PDC deposits directly downstream of the debris avalanche overspilliobes contain 
up to 20% more hydrothermally altered lithologies than deposits upstream. In 
particular there is an increase in the percentage of hydrothermal constituents in the 
finer grain size fractions (1 and 2 <1». Much of the hydrothermal material 
composing the PDC deposits was highly altered and included crustations of 
sulphur, which were extremely fragile. One explanation may be that the slightly 
higher proportions of hydrothermally altered material in the finer grain size 
fractions are due to the disintegration of the coarse fraction thus enriching the 
finer grain sizes. The increase in hydrothermal material in Unit II compared to 
Unit I at Locality 73, could indicate the increasing erosive nature of the PDC or 
symbolise further excavation of hydrothermal material as the eruption progressed, 
retrogressively undermining dome. 
3.9 1m pact of the current (erosional features and flow direction 
indicators) 
Across the whole region features indicative of erosion are widespread, but they 
are most pronounced in axial areas. The walls of the White River valley are 
severely scoured along their entire length, with removal of all vegetation on either 
side of the valley, but particularly to the southeast. Region 3, especially around 
the St Patrick's and Morris' area, is severely eroded, with scour marks and 
striations in the soil and on concrete roads (Fig. 3.3). A 1-3 mm thick veneer of 
carboni sed vegetation and baked soil covered much of this area (Sparks et al., 
2002), and was scoured. The mean orientation of striations in axial areas was 
about 220° ±2-3°. 
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Directional data were collected from water pipes (10 em diameter), bent steel 
reinforcement bars on buildings (1.5 em diameter), and hollow steel fence posts (6 
em diameter) that had been pushed over by the currents (Fig. 3.26a). Where these 
structures were absent, tree blow-down directions were recorded. In addition, 
projectiles, such as sheets of corrugated iron up to 3 m in length that were 
wrapped around debris and trees, were also used. The data (Fig. 3.5) show a 
pattern emanating from the dome in a general SW direction, although, on a local 
scale there is some variation in orientation. In particular, downed fence posts 
bordering valleys show variability in both the orientation and degree of flattening 
(Fig. 3.26a). A line of 13 flattened fence posts, with their bases -2.5 m apart, on 
the northern side of Gingoes Ghaut, shows a mean orientation 215 0 while the 
direct line to the dome is 245°. The posts vary in orientation from 193-250°, a 
total variability of 57° (Fig. 3.26b). 
The effects on trees varied across the area. In peripheral areas (Region 1) larger 
trees were only defoliated and some trees and shrubs bent over. In Region 2 large 
trees (> 50 cm trunk diameter were typically broken at 1-2 m height, whereas 
small (typically <10 em trunks) were bent over without breaking. In the axial zone 
(Region 3) trees (diameters up to 80 cm) were broken at their base and the 
remaining stump severely abraded (Sparks et al., 2002). 
Dramatic variations in structural damage occur between the regions. In Region 1 
buildings mostly remain standing with damage resulting from impacted projectiles 
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Diagram illustrating variation of directional data in the same line of fence posts adjacent to Gingoes Ghaut. 
Q{5 
..... 
'" 
~ 
~ 
~ 
::s 
0:, 
;:: 
o 
~ 
~ 
~ (j 
>:>.. {5 
C) 
;-:.
,c;­
~ 
;::
c;­
o:, 
~ 
t-< 
.:: 
~ ~ 
~ 
~ 1ii. 
Chapter 3: Sedimentology ofPDC deposits, Montserrat Lucy.J.Ritchie 
and secondary burning. Roofs were blown off and windows were blown out on 
the downcurrent side and blown inwards on the up current side. In Region 2 
structures above ground level were totally removed with only basement levels 
remaining intact (Sparks et al., 2002). In Regions 3 and 4 buildings were totally 
removed down to their foundations and the debris presumably was deposited out 
at sea. Some debris from these buildings is strewn on the downcurrent side of the 
foundations. 
There is evidence for at least two erosive phases during passage of the PDC. In 
Region 1, Unit I rests upon pre-eruption ash, whereas in Regions 3 and 4 the 
deposit rests upon a striated surface. Therefore the pre-existing ash and ground 
surface were strongly scoured by the PDC in the axial regions prior to deposition. 
The presence of thick (3 m), streamlined isolated mounds of coarse Unit I deposits 
in areas that are otherwise devoid of breccia is evidence of non-deposition and/or 
erosion after deposition of Unit I (e.g., Figs 3.l7a and b). In Regions 3 and 4 
especially, the deposits comprising Unit I are confined to the lee of obstacles and 
convex breaks of slope. Furthermore, in some localities, particularly in Region 3, 
layer 2 deposits are found directly upon an eroded surface with no underlying 
layer 1, which is confined to the lee of obstacles. This suggests that erosion 
occurred locally between the deposition of Unit I, layer 1 and deposition of layer 
2. It is not clear whether the layer 2 here is part of Unit I or Unit II. 
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3.10 Discussion 
The explosive disintegration of the dome on 26 December 1997 (Boxing Day) is 
interpreted as a volcanic blast, and both the deposits and the destructive effects 
strongly resemble those from 'blast eruptions' such as the 8 May 1902 eruption 
of Mont Pelee, Martinique, the 30 March 1956 eruption of Bezymianny, 
Kamchatka and the 18 May 1980 eruption of Mount St. Helens, U.S.A. Grain size 
parameters such as median grain size and sorting coefficients of layers 1 and 2 are 
similar to corresponding layers 1 and 2 from Mount St. Helens (Fig. 3.20), 
Sedimentological observations of the deposits along with other information 
(seismic data) on the eruption from Sparks et al. (2002) are drawn together in the 
interpretation of the nature and dynamics of the 26 December 1997 PDC. The 
interpretation in the context of the model of explosive disintegration of a 
collapsing dome with a pressurised interior (Woods et al., 2002) is also 
considered. Two key features of the PDC deposits are the substantial lateral 
variations across the sector inundated by the current and the bipartite divisions of 
the deposit, as found in similar blast deposits (Hoblitt et ai., 1981; Druitt, 1992; 
Druitt, 1998). 
3.10.1 Deposits 
3.10.1.1 Bipartite layering 
Two distinct depositional units have been identified in the deposits from the PDC 
(Units I and II). These are considered to be the products of two separate 
depositional events. Each unit shows a bipartite division with a lower, typically 
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normally graded, coarse-grained, fines-poor and moderately sorted layer (layer 1) 
overlain by a typically massive to stratified finer grained layer (layer 2). 
The origin of bipartite layers (1 and 2) with such markedly different grain sizes 
and mostly with a sharp contact is attributed to the dynamics of gravity currents. 
Wilson & Walker (1982) attributed formation of a coarse-grained, fines-poor layer 
1 (or ground layer) to the entrainment of air into the head of a dense pyroclastic 
current. The upward movement of fluid in the flow head, combined with rapid 
expansion of the entrained air, leads to strong fluidisation effects, with 
sedimentation of coarse and dense particles to form layer 1, and with elutriation of 
fine particles into the turbulent wake of the current. Wilson & Walker's model 
was developed for the Taupo Ignimbrite, which they interpreted as a concentrated 
flow with the body of the flow depositing layer 2 ignimbrite over the layer 1 
(ground layer). However, layer 2 in volcanic blast deposits differs in that it is a 
landscape-draping deposit derived from a low-concentration turbulent suspension 
(Dmitt, 1992). The presence of normal grading, which is also diagnostic of 
deposition from a low-particle turbulent current, is characteristic of Units I and II. 
The same bipartite system is also characteristic of pyroclastic surge deposits 
formed by detachment from dome-collapse block-and-ash flows (Cole et al., 
2002), so the development of two layers does not necessarily require a high­
concentration flow. The concept of flow-head entrainment of air nevertheless 
remains valid for a dilute PDC. 
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Consideration of experimental and theoretical studies of entrainment and velocity 
structure of gravity currents (Kneller et al., 1999) provides further pertinent 
information on current dynamics. Laboratory studies show that mixing at the flow 
head creates a turbulent and dilute wake above the body of a gravity current 
(Hallworth et al., 1996). The main body is denser than the wake, due to admixing 
of the ambient fluid to form the wake. Thus gravity currents naturally divide into 
two components. Kneller et al. (1999) investigated the velocity structure of 
gravity currents and demonstrated that they have a velocity maximum and 
turbulence minimum in their interior. Thus the current is divided into regions, the 
underlying body and overriding wake. In a PDC this division should be 
accentuated both by heating of entrained air, producing a thicker, more expanded 
wake with segregation of fine particles into it, and by any initial stratification, as 
postulated by Woods et al. (2002). Thus layer 1 might be attributed to the deposit 
of the flow body and layer 2 to the deposit of the wake. 
Studies of sediment gravity currents have utilised box models in which it is 
assumed that there is uniform vertical mixing (e.g., Bonnecaze et al., 1993; Dade 
& Huppert, 1996). These models have also been applied to pyroclastic density 
currents (Dade & Huppert, 1996; Bursik and Woods, 1996) and have had some 
success in describing general attributes of sedimentary gravity current deposits in 
the laboratory and in large-scale natural examples. The box models can explain 
normal grading in deposits, but cannot yet predict the formation of two discrete 
layers with a sharp grain size break. It is thus surmised that the development of a 
turbulent dilute and fine-grained wake is a critical process in the PDC. 
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3.10.2 Erosion 
Analysis of the effects of erosion and destruction, combined with grain size 
variations, show that the PDC was directed SW along an axis 1.5 km to the north 
of the White River valley. The axial areas are characterised by the most intense 
erosional effects, but are also where the thickest deposits occur. On a local scale, 
it seems that topography plays a major role in the nature of sedimentation, 
influences small-scale thickness variations, and accounts for rapid facies 
variations. The apparent thickness variations may be the result of 
penecontemporaneous erosion causing removal of the surrounding deposit with 
preservation of the deposit in sheltered areas. Another interpretation is that 
topographic irregularities cause strong fluctuations of the local flow conditions, 
with the development of turbulent eddies. Thus conditions for deposition occur 
adjacent to regions of non-deposition or erosion on very local scales. Fluctuations 
in flow conditions such as flow separation may also account for the development 
of the stratification that typically accompanies the thickening. 
One possible explanation for the erosional and depositional relationships observed 
is that the current involved strong waxing and waning pulses as a consequence of 
unsteady retrogressive failure of the dome over a 10-15 minute period. Seismic 
data support six pulses with the second pulse being the strongest (Sparks et ai., 
2002). The stratigraphy supports two depositional events, forming Unit I and Unit 
II, together with at least two erosional events. Each seismic pulse may relate to 
specific erosional and or depositional events. In the axial zone the PDC appears to 
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have been initially erosional then depositional followed by further erosion with 
remnants of the initial deposit preserved in topographically protected areas, such 
as depressions and in the lee of obstacles such as houses, mounds and blocks. 
Within anyone short-lived intense pulse, local variations in flow conditions may 
have allowed simultaneous deposition of breccia sheets, mounds, lee-side 
accumulations and regions of non-deposition or erosion. In this interpretation 
layer 1 was deposited as localised accumulations and bedforms in a largely 
erosional environment, and then draped by layer 2 in the waning phase of the 
pulse. 
Features sculpted by highly erosive currents include striations and abrasion of 
objects. Erosional structures sinlilar to those documented here have been 
described at Mount St. Helens (Kieffer & Sturtevant, 1988; Fisher, 1990) and 
Lascar Volcano, Chile (Sparks et ai., 1997). Of particular interest are features that 
appear to have been sculpted by an erosive component travelling obliquely to the 
principal depositional body of the current (Figs 3.l6a and b). Streamlined breccia 
deposits have long axes parallel to the inferred direction of flow, but some 
accumulations up and downcurrent of boulders are truncated on their southeastern 
side. A similar feature that nlay be the result of an erosive current travelling in a 
different direction to the depositing current is observed in Region 5 with the 
development of a coarse breccia mound (shown in Fig. 3.l7b). This structure has 
a long axis oriented parallel to the White River valley but a steep, nearly vertical 
side perpendicular to this. The surrounding area is heavily scoured, with remnant 
patches of layer 2 facies deposits devoid of coarse breccia. It is envisaged that the 
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breccia mound was deposited by a current travelling down the White River valley 
and that the steep side was sculpted either by helicoidal eddies oriented parallel to 
the flow direction or by parts of the PDC that surmounted the South Soufriere 
Hills. 
3.10.3 Stratification of the PDC 
Understanding of the sedimentation of the PDC deposits is complicated further by 
the notion that the current was strongly stratified as a direct consequence of the 
explosive expansion of the internally pressurised dome (Woods et ai., 2002) and 
not solely as a result of flow-head mixing processes. Axial deposits indicate 
occurrence of strong stratification of grain size and density in the current that is so 
close to the source that mixing in an established current to generate the 
stratification seems inlplausible. A number of lines of evidence for a stratified 
initial dispersion exist within the deposits: (1) Well developed normal grading. (2) 
Very coarse layer 1 deposits capped by significantly finer grained layer 2 deposits 
in axial areas (such as breccia mounds capped by layer 2). (3) Significant fining of 
the deposits with distance from source together with the persistence of the 
bipartite layering. (4) The marked changes in the grain size of layer 1 formed as 
the PDC expanded across the major valleys also are consistent with a strongly 
stratified current. The decrease in median grain size of layer 1 from SE to NW 
across deep valleys is consistent with the coarser grained lower parts of the 
current being diverted into the deep valleys and the upper finer grained parts being 
less affected by them (Fig. 3.22). (5) Dry Ghaut contains surge-derived 
pyroclastic flow deposits, which merge into PDC deposits at the head of the valley 
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in the saddle between Galway's Mountain and South Soufriere Hills. The deposits 
are fine-grained with few clasts greater that 1 cm (Druitt et ai., 2002a). It was the 
upper parts of the PDC that spilled over the saddle about 1.5 km from the dome, 
and these observations indicate that this part of the current was both fine-grained 
and dilute. Coarse-grained components of the PDC were focused down the White 
River valley and across the axial region of dispersal (Regions 3 and 4). 
The PDC was able to spill out of the Galway's Soufriere area both to the north 
around the shoulder of Chances Peak and to the SE across the saddle between the 
South Soufriere Hills and Galway's Mountain (Fig. 1). As the current was directed 
principally to the SW it would have been difficult for it to climb these elevated 
areas. Thus the PDC must have been hundreds of metres thick within less than a 
kilometre of the dome. A collapsing mass of dome rock could not produce such a 
thick cloud without energetic explosive expansion of the disintegrating mass. 
Woods et ai. (2002) have developed a model for the expansion of a pressurised 
dome and have established that a dome with 10 % porosity and pressurised gases 
(to a few MPa) can easily generate such an expanded cloud on time-scales of a 
few seconds. A key feature of the model by Woods et al. (2002) is the strong 
density and grain size stratification that is generated by explosive expansion. The 
coarse particles lag behind the fmes and so the expanded mixture becomes fmer 
grained and more dilute radially outwards. 
The multiple layering of Unit I that occurs only in areas bordering the valleys is 
interpreted as having been developed locally where the deep valleys generated 
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billowing clouds with lobes that overlapped and so caused unsteady deposition. A 
similar interpretation was made by Fisher (1990), who described multiple layering 
in the 18 May 1980 Mount 8t. Helens deposits. Directional data along the margins 
of valleys have shown significant deviations in direction over as little as 2.5 ill, 
which is consistent with the formation of turbulent vortices as material diverted by 
the valleys billowed out of their confines. 
The model of an initially stratified current due to explosive expansion (Woods et 
a!., 2002) can explain the strong azimuthal variations of thickness, grain size, 
lithofacies characteristics, erosion and destruction. Radial explosive expansion 
creates an initial dispersion that is radially stratified in grain size and 
concentration. The denser and coarser grained interior then moves under gravity 
down the axis with some influence of the White River valley in channelling this 
part of the current. The higher density of this part results in more powerful, higher 
velocity and more erosive flows in the axial region. The upper fmer grained and 
more dilute parts of the current more readily spread into the peripheral areas and 
are less influenced by topography. They are also energetic and erosive and 
produce finer grained deposits. Azimuthal variations are accentuated by capture of 
coarse grained basal parts of the stratified flow by the deep valleys. 
3.11 Conclusions 
1. The PDC deposits record evidence for at least two depositional events (Units I 
and II). Each event produced two layers, the lowermost fmes-poor and the upper 
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fines-rich. A third unit (Unit III), which caps the sequence, is a fallout layer from 
the plume associated with the PDC. 
2. Deposits formed range in grain size from coarse breccias to fine ash layers. 
Deposition was inherently patchy, particularly in axial areas, but was more 
continuous and uniform towards the peripheral areas. Cross-stratification becomes 
more pronounced from axial to peripheral regions and is locally related to 
topographic irregUlarities, indicating depositional conditions are sensitive to the 
underlying substrate. 
3. The marked lateral and vertical variations in grain size and lithofacies are 
attributed to the explosive expansion of the collapsing lava dome, which resulted 
in the PDC initiating with stratification in both grain size and density. 
4. There is evidence for at least two erosional events related to the pulsatory 
waxing and waning of the PDC during the collapse. Erosion occurred immediately 
prior to deposition and also between Units I and II. It accentuated the patchy 
nature of the deposits by sculpting bedforms tens of metres in size. 
5. Directional indicators such as flattened fence posts, bent steel reinforcement 
bars and damaged trees show a radial pattern from the dome, but locally there are 
variations. These may be due to helicoidal vortices acting within the current or to 
the effects of topography such as valleys. 
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4 Experimental studies of stratified inertial gravity currents 
4.1 Introduction 
Gravity currents are generated in both natural and man-made environments. They 
are created whenever a density difference between two fluids gives rise to lateral 
flow of one fluid into another (Simpson, 1997). In many natural gravity currents 
of geological importance the density difference between the propagating current 
and the ambient fluid is largely the result of suspended particulate matter. Such 
particle-driven gravity currents are important in many geological and 
environmental settings in terms of sediment transport and dispersal (Sparks et at., 
1993) and can have considerable destructive potential (Hoblitt et at., 1981; 
McLeod et al., 1999; Ritchie et al., 2002). 
Laboratory experiments have been used extensively in the study of the dynamics 
of gravity currents flowing through homogenous ambient media (Huppert and 
Simpson, 1980; Huppert et al., 1986; Sparks et at., 1991 and Hallworth et al., 
1993; Dade and Huppert, 1995), weakly stratified ambient media (Rimoldi et al., 
1996) and from subaerial to submarine environments (McLeod et al., 1999). Most 
of these experimental and theoretical studies of gravity currents have mainly 
focused on currents, which are assumed to be homogenous. However there are 
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many situations in which natural currents may become density stratified owing to 
the source conditions or processes within the flow. The purpose of this chapter is 
to investigate the resulting morphology of gravity currents that are density 
stratified prior to release and examine how such stratification might affect the 
current dynamics. This chapter investigates the motion of density stratified 
gravity currents as analogues to geologically significant gravity currents such as 
turbidity and pyroclastic density currents (PDCs). 
Turbidity currents are generated by slumps of sediment from continental shelves, 
which may generate stratification during rapid transport down submarine canyons 
prior to dispersal over the floors of ocean basins. They are a significant submarine 
geohazard travelling at speeds in excess of 30 ms-1 over distances of hundreds of 
kilometres, rupturing communication cables and pipelines (Simpson, 1997). The 
development and evolution of density stratification within a turbidity current is 
likely to occur from a number of processes such as the entrainment of sediment, 
the entrainment of ambient fluid (seawater) and subsequently, the deposition of 
entrained sediment as the current propagates. Hampton (1972) identified a 
turbidity current generation regime of landslide to debris flow to turbidity current 
with continuous dilution from the ambient fluid (seawater). The nature of the 
stratification created will depend upon the size of the current, the density, the 
viscosity and the particle load and size distribution. The development of 
stratification is reflected in the deposits of turbidity currents, which are commonly 
divided into bipartite or tripartite zones of contrasting grain size by distinct breaks 
resulting in an overall upward fining of the deposits (Gladstone & Sparks, 2002). 
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Similarly, recent studies of the deposits generated by high energy PDCs, 
including Chapter 3 of this thesis, have shown that marked vertical and lateral 
lithofacies variations exist, suggesting efficient grain size sorting and strong 
density stratification of the current during emplacement (Hoblitt et at., 1981; 
Druitt et at., 1992; Ritchie et ai., 2002). In particular high-energy PDC deposits 
typically exhibit well-developed bipartite layering comprising a lower, normally 
graded, coarse-grained layer and an upper, cross-stratified fine-grained layer 
(Ritchie et at., 2002). It has been proposed that during explosive expansion of a 
volcanic dome, the pyroclastic cloud may become stratified prior to formation of 
a PDC (Woods et at., 2002). 
Observations of experimental stratified particulate flows (Sparks, pers. comm.) 
have shown that for well-stratified suspensions, the mass per unit area of the 
deposit is highest close to the source. This has implications for pyroclastic density 
currents in that the higher density current front may be more erosive or more 
capable of transporting larger particles. However, this part of the current would 
also deposit more rapidly because the coarse-grained components are close to the 
base of the current. Intrinsically such a stratified current would be expected to 
produce a more pronounced lateral segregation of particles and facies variations, 
with coarse particles from the base of the current being deposited rapidly. If one 
considers deposition at some fixed point, then the changes in particle 
concentration, current speed and particle size will be more pronounced with time, 
and this should be reflected in the vertical changes in sediment, grainsize and 
sedimentary structures. As described earlier, such variations were observed in the 
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deposits formed by the 26 December 1997 PDC on Montserrat, and hence form 
the main motivation for this chapter. 
This chapter investigates some simple cases of high Reynolds number (inertial) 
two layer stratified gravity currents in the laboratory. The results are compared 
with gravity currents, which initiate as homogenous uniform solutions. The main 
modifications in stratified gravity currents are identified and the implications for 
geologically important currents considered. 
4.2 Morphology of a gravity current 
A gravity current has a distinct and well-defined morphology, consisting of a 
head, body and tail as illustrated in Figure 4.1 (Simpson, 1997). 
Turbulent wake 
Bore (9\~/ 
\ @~ @) 
--T-a-il-­
Figure 4.1: Morphology of a gravity current 
4.2.1 The head of the current 
The head of the current is the zone of mixing where ambient fluid is entrained 
by shear instabilities at the trailing edge of the current, and by overriding and 
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engulfing ambient fluid at the current nose (Hallworth, 1993). The head is 
also considered to be an area of potential erosion and is therefore 
sedimentologically important (Allen, 1971; Middleton, 1993). The head is 
typically deeper than the following body of the current with an overhanging 
nose that develops as a result of the no-slip condition at the lower boundary 
and friction at the upper boundary (Britter & Simpson, 1978). The thickness 
of the head of the current decreases with distance, as fluid is left behind in a 
thin tail beneath a diffuse mixed zone (Hallworth, 1993). Mixing between a 
gravity current and the ambient fluid occurs principally along the upper 
boundary of the current (Simpson & Britter, 1979). The two main types of 
instability responsible for mixing are billows and lobes & clefts (Fig. 4.2). 
Figure 4.2: Instabilities in a gravity current (after Simpson, 1997) 
Billows are transverse vortices (Fig. 4.2a), which typically roll up in the 
region of velocity shear above the front of the current and are commonly 
known as Kelvin-Helmholtz billows (Thorpe, 1973; Britter & Simpson, 
1978). This type of billow is typically associated with instability fonned at the 
interface between two fluids of differing densities. Lobes and clefts (Fig. 
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4.2b) move in a complex shifting pattern due to the influence of the ground on 
the lower part of the leading edge (Simpson, 1997). They are thought to be 
caused by gravitational instability of the less dense fluid that is overrun by the 
nose of the current (Simpson, 1969; Allen, 1971). Clefts swell and shrink in 
width as the current propagates and therefore do not disappear but absorb or 
become absorbed by their neighbours. Recent work has shown that the 
spacing of the lobes scales with the current thickness and the development of 
the lobe and cleft structure is probably attributable to a secondary instability 
associated with Kelvin-Helmholtz vortex breakdown (Parsons, 1998). 
4.2.2 The body of the current 
The area directly behind the head of a gravity current is divided into two 
distinct regions; the body, which is a lower dense layer, and above this, a 
dilute turbulent wake composed of less dense fluid that has been mixed out of 
the head of the current (Ellison & Turner, 1959; Britter & Simpson, 1978; 
Simpson & Britter, 1979). Keunen (1950) and Middleton (1966b) suggested 
that the mixed region above the body of the current is not strictly part of the 
gravity current and should therefore be described as a "zone of water" that is 
entrained by the underflow. 
4.3 Concepts on gravity currents and dynamics 
Early investigations of inertial gravity currents were carried out by Schmidt 
(1911), Von Karman (1940) and Keulegan (1957) who released fixed volumes of 
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salty water into channels of freshwater and documented the advance of the flow 
front. Von Karman (1940) applied the Bernoulli Theorem to analyse the dynamics 
of the nose of a gravity current intruding into a deep body of fluid with negligible 
viscous forces. Both Von Karman and Benjamin (1968) deduced that the velocity 
at the front of the current (U) and the height of the current (h) are related by; 
U =Fr{g'h)lS. (1) 
Where the Froude number (Fr) is a constant and the reduced gravity (g') is 
g(pc - PA)
g'=..;;;..--.;.-~ (2) 
denoted by; 
Where pc is the density of the current, PA is the density of the ambient fluid and g 
is the gravitational acceleration. In a non-dissipative ideal situation Fr = 2.5 but 
dissipation induced by turbulence originating at the head leads to smaller values 
ofFr .... 1.2 (Huppert and Simpson, 1980; Benjamin, 1968). 
Huppert and Simpson (1980) found that in flulne experiments the length of the 
current initially increases almost linearly with time. They established the box 
model to explain the slumping of a gravity current and distinguished three distinct 
phases each with defined flow regimes, which occur with increasing time. These 
are the slumping phase, the inertia-buoyancy phase and the viscous phase where 
viscous forces dominate over inertial forces. 
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4.3.1 Phase 1: The Slumping Phase 
Following rapid collapse when the lockgate is removed, dense fluid from behind 
the gate forms a gravity current, which propagates along the bottom of the tank. 
Mixing between the ambient and saline fluids occurs behind the leading edge of 
the current. At the same time ambient fluid displaced by the saline current forms 
another density current that propagates towards the end wall of the tank causing a 
hydraulic drop. This disturbance propagates away from the back wall and 
eventuall y overtakes the front of the saline current, resulting in transition from the 
first to the second phase. Phase 1 is dominated by gravity and initial conditions 
are characterised by constant velocity such that; 
(3) 
Where (H) is the height of the water in the tank (total ambient depth). 
4.3.2 Phase 2: The Inertial-Buoyancy Phase 
When the balance between inertial and buoyant forces is achieved, transition to 
the second phase typically occurs. During the second phase the flow front velocity 
2/3decreases with f1l3 and the length of the gravity current increases with t • The 
current depth is uniform along its length, but decreases with time. Huppert and 
Simpson's (1980) box model describes the gravity current as collapsing through a 
series of equal-area rectangles. The inertial-buoyancy regime continues until 
eventually viscous effects dominate. 
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4.3.3 Phase 3: The Viscous Phase 
Phase 3 occurs as the current lengthens and the velocity and height of the nose 
decrease. This final phase is not commonly seen in experimental gravity currents 
using low viscosity fluids as they reach the end of the flume tank before these 
conditions are achieved. Conditions for the inertial to viscous transition were 
investigated experimentally by Huppert and Simpson (1980) and theoretically by 
Huppert (1982). A gravity current will eventually dissipate by entrainment of the 
anlbient fluid resulting in dilution, reducing the overall density difference, and 
eventually decreasing velocity until viscous effects become dominant (i.e. a low 
Reynolds number flow). 
4.3.4 Entrainment 
Keulegan (1958) and Middleton (1966b) originally deduced that mixing with the 
anlbient fluid took place at the upper interface of the density current, particularly 
in the lee of the current head. Middleton (1966c) went on to discuss the laws of 
uniform flow of density currents addressing the problem of fluid resistance at the 
upper and lower interfaces. The dilution of gravity currents by progressive 
entrainment of ambient fluid was later investigated by Hallworth et ale (1993). 
Their experimental technique involved the neutralisation of an alkaline gravity 
current by entrainment of an acidic ambient fluid using pH indicator solutions. 
They found that the proportion of ambient fluid entrained into the head of the 
gravity current depends only on the initial volume of the current and the distance 
from the release point and is independent of the initial value of the density 
difference. Hallworth et al. (1996) then investigated entrainment into two­
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dimensional and axisym.n1etric turbulent gravity currents using the same 
neutralisation technique. They concluded that the current is able to entrain 
ambient fluid due to shear instabilities along the current! ambient interface, and 
by over-riding ambient fluid. In the slumping phase the head of the current 
remains essentially unmixed and entrainment of the ambient fluid is negligible. 
Thereafter the dilution increases with distance downstream. 
4.3.5 Particle-laden currents 
The differences in head shape between particicle-laden and saline currents were 
observed by Middleton (1966b) who concluded that there was a close similarity in 
hydrodynamic behaviour of both types of currents. Middleton (1967) then 
concentrated on the deposition of sediment from particulate currents using plastic 
bead suspensions. In particular Middleton (1967) identified links between the 
concentration of the flow, bed thickness and vertical grading. High-concentration 
flows were observed to produce beds of relatively constant thickness with coarse­
tail grading whereas low-concentration flows produced beds with distribution 
grading that thinned with increasing distance from source. Differences in the 
mechanisms of deposition from high and low-particle concentration flows were 
also identified. In low-concentration flows Middleton (1967) observed that 
deposition occurred initially from slow suspension fallout, which increased until 
rapid deposition depleted the supply. Conversely, high-concentration flows 
deposited initially from mass shearing due to dispersive pressures delaying 
consolidation. 
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Particle-laden density currents have since been investigated to describe the 
dynamics and deposition of a two-dimensional monodisperse (single size) particle 
current of a fixed volume (Bonnecaze et al., 1993; Dade and Huppert, 1995). 
These studies assumed that particles in the current are well-mixed and that 
entrainment of the fluid is negligible. Gladstone et al. (1998) conducted 
experiments investigating the propagation and deposition from two-dimensional 
bidisperse and polydisperse currents. Gladstone and Woods (2000) found that the 
behaviour of such currents is well described by integrated box-models, which 
account for sedimentation (c.f. Huppert and Simpson, 1980). Gladstone et al. 
(1998) observed that propagation and sedimentation of the gravity currents were 
strongly influenced by particle size. The addition of a small amount of fine 
particles to a coarse particle current had a greater influence on the flow velocity 
and deposit density as opposed to adding a small amount of coarse particles to a 
fine particle current. The presence of small amounts of fine material results in the 
current maintaining an excess density difference for much longer (Gladstone et 
al., 1998). 
4.3.6 Turbulent structure 
The turbulent velocity structure of gravity currents has been investigated by 
Kneller et al. (1999) who used Laser-Doppler anemometry to construct a two­
dimensional picture of experimental saline currents. They found that the 
distribution of turbulence within a gravity current is heterogeneous and 
principally controlled by the location of large eddies that dominate the turbulent 
energy spectrum and scale with flow thickness. The dominant length scale of 
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turbulent eddies approximately equals the thickness of the dense underflow 
(Kneller et al., 1999). 
4.4 Stratified currents 
All of the previous investigations have been concerned with the dynamics of 
initially homogenous currents. This chapter presents data from the first study on 
lock exchange currents, which are stratified prior to release and investigates the 
morphology and propagation of stratified flow. Lock exchange flow experiments 
have previously been used to investigate a whole range of gravity currents and 
their properties. To set up an experimental system, a channel is divided into two 
sections by a temporary barrier or lockgate (Simpson, 1997). Fresh water is run 
into one section and salt water or particulate matter into the other. When the 
barrier is raised the dense fluid collapses into the ambient freshwater and flows as 
a dense current under gravity. 
4.5 Experimental Technique 
Experimental series were conducted in a levelled, glass flume tank with 
dimensions of 5.7 m length, 0.2 m width filled with tap water to a depth of 0.4 m 
(Fig. 4.3a). A watertight lockgate was situated 0.2 m from one end of the tank 
providing a total lock volume of 0.016 m3 and an ambient tank volume of 0.44 
m3• Aqueous saline solutions were prepared using varying weights of pure 
vacuum dried NaCI to produce an excess density, and were arranged in a two­
layer stratification behind the lockgate. The salinity of the solutions was checked 
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using a refractometer. The mass of salt required to make a solution of salinity A 0/0 
is given by the relationship; 
Ms =Vw.10 3 ( AO/o J (4)100-A% 
Where Ms is the nlass of salt in kg, Vw is the volume of water to which salt is 
added, in m3, and A % is the "anhydrous solute weight per cent" i.e. strength of 
solution. Furthermore the density, PB of the final solution is given by; 
(5) 

3Where PB is the bulk density of final solution in kg m- , ps is the density of salt, 
3about 2.16 kg m-3 and pw is the density of water =998.2 kg m- • 
4.5.1 Experimental Series 
Two layers of different salinity were emplaced behind the lockgate with the 
densest solution forming the lower layer (Fig. 4.3a), using the following method. 
First the dense lower layer was put into the lock. Then a sponge was placed on the 
surface of the lower layer and the second, less dense saline solution was gradually 
dribbled onto the sponge through a tube of 5 rnm diameter. This regulated the 
flow and prevented mixing with the lower layer. During preparation of the 
experiment the main tank was filled so the water level was the same as the level 
of the saline solution in the lock. Mixing between the layers prior to release was 
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minimal with a mixed interfacial zone of <5 rom thick. Solutions were coloured 
with equal amounts of blue and yellow food pigment to allow the layers to be 
distinguished and the degree of mixing (green) to be established. The lockgate 
was then lifted to release the layered solutions into the main tarue Three different 
series of stratified experiments were run to investigate the effects of individual 
layer density, overall lock density and individual layer thickness. 
4.5.1.1 Series 1 
In the first series of experiments the lower layer salinity was fixed at 10 %. The 
upper layer salinity was increased from experiment to experiment by 1% 
increments with an initial salinity of 1%. The volume of each layer remained 
equal with h!H=0.5 where h is the thickness of the lower layer and H is the total 
thickness of both layers (Fig 4.3b). 
4.5.1.2 Series 2 
The second series of experiments were conducted with both layers having a 
combined average salinity of 10% so that the same mass of salt was distributed 
between the two layers. The salinity of the respective layers was varied from a 
weak density contrast (11/9 0/0) to a very strong density contrast (1911 %). A 
control experiment was conducted with an unstratified lock of volume 0.016 m3 
and salinity 10 0/0. The volume of each layer remained constant (h/H=O.5) (Fig. 
4.3b). 
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Tap water 
Volume O.44m3 
5 mm tubing 
...---------­ 5.5m 
Saline solutions 
behind lockgate 
Figure 4.3a: Experimental apparatus 
SERIES 1 SERIES 2 SERIES 3 SERIES 3 
1 Layer 2 Layer.21 lr 1 
If If Il 
H 
1~ 
h/H=O.5 hIH=O.5 h/H-O.9 h/H=O.l 
h= Thickness of layer 1, H= Total thickness of stratifed lock 
Figure 4.3b: Relationship ofstratification in experimental series 
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4.5.1.3 Series 3 
The final series of experiments investigated the effects of varying the relative 
volume of the two layers. The lower layer remained at a constant salinity of 10 % 
and the upper layer at 1% throughout the experiments. The volume of the upper 
and lower layers was varied incrementally (such that h1H= 0.1,0.2,0.3,0.4...0.9) 
(Fig. 4.3b). 
4.5.2 Measurement 
Timing of the gravity currents was initiated as soon as the lockgate was lifted. 
Immediately after release, distance (L) travelled by the flow fronts from the rear 
of the lockgate was recorded every 3 seconds until the current became too dilute 
to distinguish from the ambient fluid or reflection from the end of the flume tank 
occurred. A video camera and photographs were also used to record current 
morphology. Time! distance data are presented in Appendix BI. 
4.6 Experimental Error 
Determining the reproducibility of the experiments is essential if.any correlations 
are to be made. Systematic errors are governed by a number of possible factors: 
variations in the concentration of saline solutions, accurate reading and calibration 
of the refractometer and weight measurements of NaCl. Human error is involved 
in the timing of the experiment when the lockgate is opened, and in determining 
the position of the nose of the current as it propagates. Raising the lockgate at a 
uniform rate is also a possible source of experimental error. Furthermore, the tank 
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is also sectioned every metre by struts up to 4 cm in width which temporarily 
obscured the current front during propagation. 
To assess the precision of the results, at least three experiments per series were 
repeated. Visually the timet distance curves fit well but to establish quantitatively 
the errors, two data sets per experiment were examined (Fig 4.4). One data set 
was subtracted from the other giving the difference in value at each data point 
along the tank. This value was then divided by the distance at which the point was 
taken to give a percentage error. The difference in value at each point was 
typically < ± 2%. Percentage errors varied during propagation but were 
consistently high for the first few points of measurement (± 2-3%) and decreased 
significantly with increasing distance from the rear of the lockgate « ± 0.5%). 
The larger errors sustained in the first few data points are attributed to a time 
delay between lifting the lockgate and initiating the timing. Examples of errors 
are plotted as standard deviation bars in Figure 4.5. It appears that slightly larger 
errors occur in slower currents (10% and 1%) as opposed to fast currents (10% 
and 9%). 
To minimise the degree of error in timekeeping due to human reaction time the 
same individual operated the stopwatch throughout all series of experiments. The 
lockgate was also lifted by the same individual and was done so as uniformly as 
possible to avoid unnecessary disturbance of tlle starting stratification. 
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~.7 Experimental Results 
Flow front advance was analysed by plotting measured distance of current fronts 
(L) against time elapsed (t). Stratified currents typically produce a curve shape 
that is similar for all three series of experiments (Fig. 4.5). The initial section of 
the curve is steep but decreases in gradient as the current eventually slows down. 
Gladstone et al. (1998) interpreted the initial steep curve morphology in 
bidisperse, constant volume gravity currents as corresponding to the slumping 
phase of the current. 
4.7.1 Current Morphology 
4.7.1.1 Series 1 experiments 
A large density contrast current will be described (10% lower, 1 % upper, hereafter 
expressed as lOll %) first (Fig. 4.5). Immediately after release of the lockgate, the 
lower layer propagates ahead of the upper layer at -12 cms· l , forming a current 
with a distinctive bulbous snout (11 em thick) and a thin elongate trailing tail, 
typical to the form of a gravity current as described in past studies (e.g. Simpson, 
1997). Much of the upper layer remains stagnant in the lockgate area as the 
ambient fluid displaces the lower layer in a circulatory motion (Fig. 4.6a, t =: 2.7 
sees.). When the upper layer finally collapses it intrudes into a central zone of the 
lower layer as a thin wedge (Fig. 4.6a, t = 3.6 sees.). Mixing between the two 
layers is minimal at this stage (Fig. 4.6a, t =: 4.4 sees.), as the upper layer does not 
intrude far enough into the wake of the lower current, where mixing is observed to 
occur. The lower layer however, mixes significantly with the ambient to form a 
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TIME 

oseconds 
l.5 seconds 
2.1 seconds 
2.7 seconds 
3.6 seconds 
4.4 seconds 
Figure 4.6a: Photographs of Series 1 (10% lower layer I 1 % upper layer 
sali nity, hlH=0.5) current propagtation with time. (Numbered boxes indicate 
distance along tank in cm) 
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TIME 
oseconds 
1 second 
1.4 seconds 
2.0 seconds 
2.5 seconds 
3.1 seconds 
Figure 4.6b: Photographs of Series 1 (10% lower layer / 9 % upper layer 
salinity, h!H=0.5) current propagtation with time. (Numbered boxes indicate 
distance along tank in cm) . 
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current with an inflated head, which eventually outruns the upper layer before 
thorough mixing has occurred. 
As the density contrast between the layers decreases, the upper layer propagates 
more rapidly and thus mixes more rapidly with the lower layer as it intrudes into 
the rear of the head of the lower current (Fig. 4.6b, t = 2.5 & 3.1 sees). For a 10% 
and 9% current total mixing of the two layers occurs 9 seconds after lockgate 
release compared to a 10%/1% current, where the lower layer outruns the upper 
layer and reaches the end of the tank before mixing occurs. Figure 4.7 illustrates 
the evolution of the current with the ratio of distance travelled (LuILI) of the upper 
layer (Lu) to the lower layer (LI) with time (t). When LulLl =1 the lower layer has 
caught up with the upper layer and the two layers have mixed together in the flow 
head. 
4.7.1.2 Series 2 experiments 
Morphologies of the currents generated in the second series of experiments are 
essentially similar to those of Series I (Figure 4.8). The stratification in each 
experiment contains the same overall amount of salt, and therefore the speeds of 
the resultant currents would be expected to be fundamentally similar. However, it 
can be seen that the well-stratified current (1911 %) initially travels faster than the 
well-mixed or slightly stratified current (11/9%). The stratified current then slows 
down relative to the homogenous current (10%) (Fig. 4.9). This trend is 
exemplified when stratified current data are nonnalised to homogenous current 
data (Fig. 4.10). 
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4.7.1.3 Series 3 experiments 
Series 3 experiments investigated the effects of stratified layer thickness on 
current morphology. Time/ distance data for series 3 experiments are presented in 
Figure 4.11. They show an increase in current velocity with an increase in the 
volume of the lower layer as a result of an increase in the overall current salinity. 
With a thick, dense lower layer, there is no mixing as it surges forward 
outrunning the upper, less dense layer. With a thin, dense lower layer and a thick 
less, dense upper layer mixing occurs rapidly and a homogenous current forms. 
However, even when the upper layer with a lower density, makes up 90% of the 
volume it does not overtake the lower current. 
4.8 Discussion 
These experiments have illustrated that the propagation of stratified currents is 
different to that of unstratified or homogenous currents. Observations of gravity 
currents generated by layered saline solutions show that the lower denser part, 
propagates ahead of the less dense upper current regardless of the initial relative 
thickness of both layers (Experimental Series 3). 
The structure of a stratified current depends strongly upon the density difference 
between the two layers as this density ratio governs the overall degree of mixing 
occurring in the resultant current. In strongly-stratified two layer currents, mixing 
between the layers is minimal and the lower layer rapidly propagates ahead of the 
upper layer. This leads to lateral segregation of the two layers in the flow as the 
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current separates horizontally, with the denser fluid moving ahead of the less 
dense layer with limited mixing. The initial slumping of the lower layer is more 
rapid owing to the greater buoyancy, but the long time spreading is slower due to 
the smaller volume of the current, which leads to frictional retardation of the 
current closer to the source. For currents where the two layers are composed of 
similar densities (weakly-stratified currents) mixing occurs primarily during the 
slumping phase as the upper layer intrudes the turbulent wake of the lower layer 
forming a more homogenous current. 
The speed of the resultant current is affected by the stratification of the starting 
solution. Keeping the thickness of both layers and the total salinity behind the 
lockgate constant and varying the respective densities of the two layers should 
have little effect on the speed of the resultant current. However, although both 
currents will have the same overall mass of salt (when mixed) the lower layer 
travels faster due to its increased buoyancy. Eventually stratified currents become 
slower than well-mixed currents. The high concentration of dense fluid close to 
the base of the current causes it to initially travel faster than a well-mixed, 
homogenous current. As the current propagates the head is fed by increasingly 
less dense saline solution from the body of the current so the current thins and 
slows down. In a strongly stratified current the head of the current is composed of 
only a fraction of the total flow and so it thins rapidly. Since the total buoyancy of 
such a current is smaller than the weakly-stratified flow, the current therefore 
travels more slowly. However, stratified currents demonstrate more marked 
deceleration than homogenous currents. In well-stratified currents (e.g., 19% and 
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1 %) the lower layer (19%) surges forward rapidly and does not mix with the 
upper layer. The current then slows down initially as it spreads and thins 
entraining ambient fluid and later as a result of viscous drag forces. In a weakly­
stratified current (e.g., 11 % and 9%) the lower layer (11 %) surges forward but is 
less dense than the 19% current so is initially slower. However, the upper layer 
(9%) then feeds the lower current and mixing between them occurs, making the 
current faster. 
It appears that the stratified current accelerates and moves more rapidly than the 
homogenous flow during the slumping phase of propagation. In the following 
phase of inertial-buoyancy balance the current then decelerates relatively faster 
than the homogenous current and ultimately travels slower. It is clear that the 
initial slumping phase and the effect of the back wall bore are important in the 
understanding of this process. Huppert and Simpson's (1980) slumping theory 
illustrates that this motion of fluid surrounding the gravity current is significant 
and dependent upon the fractional depth of the current rp =hfH (Fig. 4.3b). The 
spreading laws in the inertial-buoyancy range for axisymmetric and 2-D situations 
(Hoult, 1972) are dermed as follows; 
R =1.3(g'Q) 114 t112 (6) 
1=1.6(g'Q) 1/3 t2l3 (7) 
where I is the length of the current, R is the radial co-ordinate of the front, or nose 
of the current and Q is the volume. Huppert and Simpson (1980) showed that 
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until tjJ becomes sufficiently small «0.075) this motion causes the current to 
propagate less rapidly than implied by (6) and (7). 
Huppert and Simpson use results from the experiments of Britter and Simpson 
(1979) who investigated experimentally the influence of fractional depth on a 
gravity current of infinite horizontal extent and its effects on the Froude number 
condition at the head of the current. The Froude number remains relatively 
constant (1.19) when tjJ < 0.075 and decreases steadily when tjJ >0.075. They 
obtain the following equations as the spreading relationships in the slumping 
phase in which the fluid slumps and fractional depth effects are important. 
Where H is the depth of the surrounding fluid and q the volume per unit span. 
According to Huppert and Simpson's (1980) theory, halving the thickness of the 
current and doubling the g' will have no effect on the value of the velocity of the 
current. According to equation (8) the stratified and homogenous currents should 
have the same velocities. 
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Some initial scaling theory based on the fundamental theories for the slumping 
region of inertial gravity currents is presented in Appendix BII. This modelling is 
preliminary in nature, but is concerned with the ratio of mixing (a.) as a function 
of the ratio of g' (0) between the two layers. The theoretical results show some 
interesting trends, which are important in the future modelling of stratified 
currents. Application of the scaling theory to the experimental results has shown 
that when time (t) is plotted against the length of the current (L3/2) the data 
collapse on to a straight line. Estimates of the mixing ratio (a.) given by the 
scaling theory were expected to be below one however, these are slightly elevated 
(up to 1.25). The theoretical data do nevertheless exhibit the expected trend with 
a generally decreasing as G similarly decreases (i.e. the density contrast 
increases) . 
4.8.1 Implications for stratified geological currents 
The results of these experiments have important implications for deposition from 
stratified particle-laden flows. Overall stratified flow morphology is essentially 
similar to that of a homogenous flow. However, there are significant variations in 
the velocity of stratified currents compared to homogenous currents. These 
variations in velocity are attributed to the amount of mixing which occurs within 
the stratified current during propagation, and are related to the degree of 
stratification prior to release. 
The development of stratification in particulate currents can be attributed to a 
high particle-concentration andlor the accumulation of coarse material towards 
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the base of the current. If stratification is developed in the current as a result of 
grain size (i.e. coarse particles at the base with fining upwards) then one might 
expect to observe a pronounced break in the sedimentary record between the 
deposit of the upper and lower parts of the current. On Montserrat, deposits 
formed by the 26 December 1997 PDC exhibit a distinctive grain size break 
between layers 1 and 2 of both Units, I and II of the unconfined facies (Chapter 
3). Within 1-2 km of the dome, the lowermost layer (layer 1) is significantly 
coarser than the upper layer (layer 2) suggesting that stratification was well 
developed within the current. 
Where stratification in the current forms as a result of high particle concentration 
towards its base one would expect to observe a vertical change in sedimentary 
structures developed within the deposits. Massive to normally graded deposits 
would be formed at the base of the sequence where as lower particle 
concentration conditions towards the top of the current would favour the 
development of bedforms such as cross and planar stratification. In the 26 
December 1997 PDC deposits, layer 1 was typically massive to normally graded 
and sometimes weakly stratified towards the top of the layer. Layer 2 was 
typically normally graded with well-developed cross-stratification and dune 
bedforms. 
In experiments where the currents were well-stratified, stratification was 
sustained over long distances as the lower, denser layer surged forward and 
moved almost independently of the upper, less dense layer, which lagged behind. 
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In short the two layers behaved almost as separate entities. The 26 December 
1997 PDC deposits on Montserrat exhibited a significant degree of lateral and 
vertical variation even with increasing distance from their source. At distances of 
up to 5 km from the dome, the difference in grain size between Unit I, layers 1 
and 2 was subtle, however there was still a distinctive contact between the layers 
suggesting that density stratification in the PDC was sustained. Another example 
of sustained stratification was observed where the PDC travelled across deep 
valleys radiating from the dome. The lower, denser parts of the current separated 
from the less dense upper parts and fell out into the valleys whilst the upper parts 
of the current carried on undeflected. The experimental results suggest that the 26 
December 1997 PDC must have been significantly stratified in both grain size and 
density close to source. The PDC deposited the coarsest material close to source 
(1-3 km from the dome) and thereafter stratification was sustained by a high 
particle concentration at the base of the current. 
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5 The origin of unit US2-B, Santorini, Greece. 
5.1 Introduction 
This chapter is concerned with the study of a pyroclastic sequence known as 
Upper Scoriae 2 (US2) on the island of Santorini, Greece. In particular, one unit 
of the sequence known as US2-B (Droitt et al., 1989) exhibits characteristics, 
which are thought to be associated with both fall and flow mechanisms of 
emplacement. Mellors (1988) suggested that the unit might have been emplaced 
by a low angle directed blast similar to that of Mount St. Helens in 1980. Previous 
workers (Droitt, 1983; Mellors, 1988; Droitt et at., 1989; Mellors and Sparks, 
1991) have identified the stratigraphy of US2 and described the general features 
of the US2-B deposit but it has not been studied in any significant detail and as a 
result its origins are still unclear. This study examines field, grain size and 
component characteristics of unit US2-B and investigates the origin of this 
enigmatic deposit, addressing the role of PDCs in its formation and whether there 
was a lateral blast component. 
5.2 The tectonics and geology of Santorini 
The volcanic island of Santorini (also known as Thera) is located on the South 
Aegean volcanic arc and currently forms the largest and most active volcano of 
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the region (Fig. 5.1). The arc is related to the subduction of the Eastern 
Mediterranean Basin beneath that of the Aegean sea along a subduction zone 
(Ionian Trench) which passes to the south of Crete (McKenzie, 1972) (Fig. 5.1). 
Santorini is composed of five islands, the outer three of which (Thera, Therasia 
and Aspronisi; Fig. 5.2) form the remnants of a large stratovolcano complex, 
which was dissected by at least four caldera collapses (Druitt & Francaviglia, 
1992). The final caldera collapse took place during the latter stages of the 
paroxysmal Bronze Age Minoan eruption of 1470 Be ± 20 years (Luce, 1969; 
Bond and Sparks, 1976). The now flooded caldera has walls, which rise up to 300 
m above sea level in places. In the centre of the caldera are the islands of Palaea 
and Nea Kameni (Fig. 5.2), which represent a submarine volcano post-dating the 
Minoan eruption. The islands were formed by dacitic lava flows which broke to 
the surface in 197 Be and continued to build periodically until the last emption on 
Nea Kameni in 1950 AD (Dmitt et al., 1999). Santorini is split by a major tectonic 
lineament known as the Kameni Line, which passes through the Kameni Islands 
intersecting the caldera wall at Phira (Fig. 5.2). The lineament divides the caldera 
floor into two flat-bottomed basins: one to the north (380 m b.s.I.) and one to the 
south (280 m b.s.I.) (Druitt et al., 1999). Many authors, including the important 
studies of Fouque (1879), Reck (1936), Pichler and Kussmaul (1972, 1980), 
Heiken and McCoy (1984), and Huijsmans (1985) have previously described the 
geology of Santorini. 
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Figure 5.1:Tectonic map of the Aegean region showing major fault systems and volcanoes 
of the Aegean island arc (Adapted from Druitt et aI., 1999). 
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Two basement massifs, Mount Profitas Ilias (the highest peak on Santorini at 552 
m) and the Gavrillos Ridge in the southeast of the island, dominate the largest of 
the five islands, Thera (Fig. 5.2). The earliest Quaternary volcanic products on 
Santorini are exposed on the Akrotiri Peninsular (Fig. 5.2) and include lavas, 
pumice-fall deposits, water-lain vitric tuffs and breccias, which are 
unconformably overlain by maar deposits, cinder cones and spatter rich 
pyroclastic deposits (Droitt et al., 1989). The northern half of Thera and most of 
Therasia are composed principally of lavas, which are intercalated with 
pyroclastic units. The pyroclastic succession, which is particularly dominant in 
southern Thera and forms the island of Aspronisi, is the product of explosive 
eruptions from a single central complex known as the Thera Volcano (Druitt and 
Sparks, 1982). The succession is referred to as the Thera Pyroclastic Formation 
(Druitt and Sparks, 1982; Druitt et al., 1989) (Fig. 5.3). 
5.2.1 Thera Pyroclastic Formation 
The Thera Pyroclastic Formation (TPF) comprises deposits from twelve major 
explosive eruptions and numerous smaller events, which have occurred over the 
past -200,000 years (Druitt et al., 1989), ending with the Bronze Age Minoan 
eruption (Fig. 5.3). Reck (1936) originally devised the stratigraphic terminology 
for the major pyroclastic deposits of Santorini. The Formation is characterised by 
a complex succession of pyroclastic deposits, together with proximal lithic 
breccias (Druitt & Sparks, 1982; Druitt, 1983) and andesitic spatter rich deposits 
(Druitt et al., 1989; Mellors and Sparks, 1991) produced by explosive activity that 
occurred in two cycles. 
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5.2.1.1 The First Cycle (360 - 180 Ka) 

The First Cycle of explosive activity produced the deposits of Cape Therma 1, 2 

and 3, and Lower Pumice 1 and 2 (Fig. 5.3). Collapse of the caldera then occurred 

around (180 Ka) associated with Lower Pumice 2 (Fig. 5.3). 

5.2.1.2 The second cycle (180 -3.6 Ka) 

During the second cycle, lavas and pyroclastic deposits of the Cape Thera, Middle 

Pumice, Vourvoulos, Upper Scoriae 1 and Cape Skaros eruptions were emplaced 

and another episode of caldera collapse occurred (Fig. 5.3). Following this, the 

Upper Scoriae 2 and Cape Riva deposits were emplaced followed by further 

caldera collapse. Finally the end of the second cycle was marked by the Minoan 

eruption (Fig. 5.3). 

A particularly notable feature of the second cycle is the abundance of spatter rich 
deposits that were generated associated with the units of Upper Scoriae 1 and 2 
(US1 and US2). There are strong similarities between the spatter deposits, each of 
which is marked at the base by a distinctive fall unit (US I-A and US2-A) (Druitt 
et al., 1989). The US1 and US2 deposits were originally mapped as a single unit 
by Pichler and Kussmaul (1980) and are principally composed of dense, andesitic 
spatter and poorly vesicular bombs, and can be traced for many kilometres around 
the caldera wall (Mellors and Sparks, 1991). The spatter rich deposits were 
originally interpreted to represent spatter from violent Strombolian fire 
fountaining (Pichler and Kussmaul, 1980; Heiken and McCoy, 1984). Druitt et al. 
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(1989) and later Mellors and Sparks (1991) both conducted a detailed study of the 
units and suggested that they are predominantly PDC deposits. 
5.3 Upper Scoriae 2 (US2) (79ka ± 8) 
US2 corresponds to the Quarry Member originally mapped by Druitt and Sparks 
(1982). It is subdivided into four units (A-D from the base up), the characteristics 
of which are strongly dependent on location (Mellors and Sparks, 1991) (Fig. 5.3). 
Unit US2-A marks the lowermost unit and is typified by a thin «1 m) cream­
coloured dacitic (65.3-66.7 % Si02) pumice fall deposit (Druitt et al., 1989; 
Mellors & Sparks, 1991). The pumice fall is overlain by unit US2-B, a fines-poor, 
dark grey to black andesitic scoria deposit, which forms the subject of this study. 
The third unit, US2-C is composed of cross-stratified, andesitic PDC deposits 
overlain by a more massive, inversely graded and poorly sorted PDC deposit 
(Druitt et al., 1989). US2-C deposits are up to 16 m thick and mostly confined to a 
series of palaeo-channels several tens of metres across (Druitt et al., 1989; 
Mellors and Sparks, 1991). The US2 sequence is capped with lithic and spatter­
rich lag deposits termed unit US2-D. This spatter deposit is typically composed of 
red spatter rags up to 1 m across with lithic blocks up to 2 m in diameter and is 
thickest (50 m) in northern Santorini at Oia (Druitt et at., 1989; Mellors & Sparks, 
1991). 
5.3.1 Geometry of the US2 deposits 
The deposits of US2 cover most of the islands of Thera, Therasia and Aspronisi 
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and were deposited principally on an undulating topography with pre-existing 
channels (up to 30 m deep) that typically have limbs, which dip, at angles of 
between 18 to 30°. The long axes of channels generally radiate and dip away from 
the inferred vent, which is interpreted from this work to have been positioned in 
the present day Kameni Islands (Fig. 5.2). The channels become more pronounced 
towards the south of the island (6 m deep in Phira Quarry; 20 m deep in Akrotiri 
Quarry), however this may be a function of post depositional erosion, as the limbs 
of channels in proximal areas have been truncated, leaving only the central axis. 
Unit US2-A is present in the north of the island, but is generally absent to the 
south of Cape Plaka. However, a thin (0.5-16 em) layer of white pumice lapilli, 
interpreted as US2-A, is present on Aspronisi and the western tip of the Akrotiri 
peninsula. Where Unit US2-A has been deposited in channels, it is generally of 
uniform thickness mantling across the width of the channel, normal to the channel 
length, and is typically light cream to white in colour (Figs 5.4 & 5.5). 
Unit US2-C is present in the south of the island, on Therasia and Aspronisi (Figs 
5.4 & 5.5). Lithic breccias of unit US2-D occur above unit US2-C in both the 
northern and southern parts of the island (Figs 5.4 & 5.5). 
157 

Cape Columbus Cape Tourlos Phira quarry Phira quarry Phira quarry 

lOa lOb 14a 14b 14c 

....... 

VI 
co 
•I 
. 
, 
, 
.
.
• 
1:1':~:lUS2-D 
.- 'd" .. 
1~::~US2-C 
~aJUS2-B 
.US2-A 
Phira quarry Q14d 
-§ 
~ 
.Vt 
~ 
riQ'50cm s· 
~ 
~ 
.... 
@ 
t-,j 
~ 
LEGEND 

~~:~~Lithic rich ........... Fines poor 

t-<
- '~~~ layer lens ;: 

~
Lapilli rich nr Id d Ilayer ~ vve e c ast 
Ash rich ~.D ~ 
;:"..layer ~US2-C surge n;'
"=,,,Stratification' lens 
Figure 5.4a: Measured sections ofUS2 deposits at localities 10 and 14 (see Fig. 5.2 for locations). 
LoumaraVlTherasia Aspronisi Cape Aspronisi Mavros 

1 3 6
5 4 
~~jl 
50 em 
jl~fJ 
BalDs 
, ........... 11
. 
,
. 
,
....... 

V1 . 
<..0 
........ 

........... --~----- ..

.. .. .. .. .. .. .. .. .. .. .. .. .. 
........... 

>§ 
til" 
.... 
~ 
a 
....
aq"
s" 
.Q., 
~ 
::;: 
&3 
w 
~ 
t--;
s:: 
~ ~ 
~ 
~ 
~" 
Figure 5.4b: Measured sections ofUS2 deposits at localities 1,3,4,5 & 6 (see Fig. 5.2 for locations). 
AlOnaKI quarry 	 LUIUU1> val'''' ~ >CU'..a 
13 	 12 7 8 9 >§ ~ 
~"~l'~~~~" 
~ 
~ 
a 
~: 
<Q., 
~ 
.... 
MINOAN E1 ~ 
..
.	. 
. . 
· . 
· . 
· . 
·.
........ 

0\ 
o 
.. 
. . 
.. 
. .
.
. ..
. 
, 
\
. 	 .
. i 
....,""'" 
~ 
~ 
~ 
--"'"-.. ::0 
~ (ii' 
Figure 5.4c: Measured sections ofUS2 deposits at localities 7,8,9,12 & 13 (see Fig. 5.2 for locations). 
Q 
.f3 (t) 
"'l 
,v, 
Akrotiri quarry S? ~' 
2f 	 s' 
oQ.,J:~':;:/;?4,r~~: 
;:;: ~ ~_._ • : - ",,- • 0. ' .."'~" ; ..()~~~ 
N;::~;~,:<~:;:;~ ~ ~ 
.. ' 
,.1 
._/#.~/ 
-0\ 
...... 
~. 
-'-
-..'......... 

SOCll 
t-< ;: 
~ ~ 
:>;, 
~ 1t). 
Figure 5.4d: Measured sections ofUS2 deposits in Akrotiri quarry (see Fig, 5.2 for location), 
~:,' .. -:. 
Chapter 5, Origin ofunit US2-B Lucy.J.Ritchie 
5.4 Unit US2-B 
Unit US2-B is present in the caldera walls to the south of Phira quarry on to the 
Akrotiri peninsula, on the island of Aspronisi and the very southern tip of 
Therasia (Figs 5.4 & 5.5). It is absent in the northern parts of the Santorini. The 
unit also crops out on the southern coast of the Akrotiri Peninsula and inland 
towards the Gavrillos ridge and Mt Profitas Illias (Figs 5.2 & 5.4). 
In proximal areas (Localities 14 and 13) US2-B is principally composed of black, 
sub-angular, scoria clasts and subordinate lithics. The scoria clasts are andesitic in 
composition (Druitt, 1983; MeHors, 1988) and in the most proximal localities 
have been welded together, forming coagulated masses up to 70 cm in diameter. 
Distally, the unit is composed primarily of light grey pumice and lithics with 
black scoria in less abundant proportions. 
The total thickness of unit US2-B varies from 3.5 m in proximal areas (Locality 
14; Fig. 5.2), where it is confined to channels, to approximately 20 cm in more 
distal areas on the Akrotiri peninsula. In proximal localities (13 & 14) the unit 
thins on to the interfluves between adjacent channels. However, distally the unit 
does not thin significantly on interfluves. The thickness of the deposit generally 
becomes less variable with distance from the vent (Figs 5.4 & 5.5, 5.6). The unit 
is thickest in the central axis of the channels and thins on the limbs of channels_ 
Distally (between 5 to 7 km from the vent), the unit has typically been deposited 
on a relatively flat palaeotopography. 
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5.4.1 Previous work on Unit US2-B 
The deposits of US2 were originally interpreted by Mellors (1988) and Druitt et 
al. (1989) to have been erupted from a central vent on the Kameni Line just north 
of the present day Kameni vents (Fig. 5.2). Mellors (1988) estimated the position 
of the US2 vent from isopachs constructed for the pumice fall unit (US2-A). The 
vent was manifested in the northern basin of the present day caldera and was 
thought to be the site of a cluster of composite volcanoes, which reached at least 
300 m in height above the present sea-level (Druitt et aI., 1989). 
Unit US2-B was first identified by Druitt (1983), who noted that it resembled a 
fall deposit with well-sorted, angular and sometimes sintered scoria clasts. 
However Druitt et ai., (1989) pointed out that the deposit also erodes the 
underlying US2-A unit and thickens and coarsens into channels thinning overall 
and becoming finer grained and more fall-like away from the vent. Druitt et al. 
(1989) envisaged that the deposit was emplaced by a flow, but did not suggest a 
precise mechanism. 
Mellors (1988) and Mellors and Sparks (1991) carried out further investigation of 
unit US2-B and also noted that the origins of the deposit were problematic due to 
its strong lateral variability. Sorting of the deposit was observed by Mellors and 
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Sparks (1991) to become better away from the source (from 0'$ =1.6 proximally 
to O'<\> =1.0 on the Akrotiri peninsula) whereas lithic clast content decreased with 
a maximum of 40 % at Phira to less than 12 % on the Akrotiri Peninsula (MeHors 
and Sparks, 1991). They interpreted the presence of incipiently welded scoria 
clasts and the preferred orientation of carbonised vegetation at the base of the Lmit 
in proximal localities as being indicative of lateral movement. Mellors (1988) 
suggested that the US2-B deposit may have been emplaced by a low-angle 
directed blast or jet, which evolved to a fallout phase distally. 
5.5 Field characteristics of US2-B 
5.5.1 Lateral variability 
The field characteristics of Unit US2-B vary significantly with location and 
distance from vent (Figs 5.4 & 5.5). Locally, the characteristics of the unit also 
depend on the position within the channel i.e. on a dipping limb, interfluves or the 
base of the channel. Figure 5.7 illustrates the position of localities in relation to 
the channel geometry. To illustrate the varying field characteristics of unit US2­
B, key localities are systematically described from proximal to distal areas (Fig. 
5.5). Localities are shown in Figure 5.2 and more detailed information of these is 
given in Appendix CI. 
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5.5.1.1 Phira Quarry (Locality 14) 

Phira quarry is one of the most proximal localities, 3.1 km from the inferred vent 

location (Figs 5.2 & 5.8). Within the quarry, US2 deposits are typically confined 

to undulating palaeo-topography (Fig. 5.8b) and large channels up to 30 m across 

and 5 m deep with limbs, which dip at 18-200 into the centre of the channel (Fig. 

5.8c). The base of the US2 sequence is marked by a cream, pumice-fall deposit, 

interpreted as US2-A, which is typically of uniform thickness across the width of 

the channel (Figs 5.4a, 5.5 & 5.8). 

Unit US2-B is typically reverse graded with the coarsest scoria clasts generally 
present in the upper part of the deposit within the central axis of the channel 
where the unit is thickest. Lithics are unifonnly distributed throughout the unit 
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and some are crudely oriented with long axes normal to the inferred channel axis. 
In the basal 10-30 cm of unit US2-B, a number of cylindrical cavities up to 15 cm 
in diameter and> 10 cm in length were observed. The cavities are filled with fine 
charcoal dust and oriented with long axes parallel to the channel direction. These 
features are interpreted as tree moulds that formed from the carbonisation of wood 
fragments. 
Within unit US2-B, particularly on channel limbs, are lenses of poorly sorted, fine 
ash rich, finer grained deposit (Fig. 5.9a). The lenses are up to 50 em in thickness 
and 1.5 m in length and are typically oriented with their elongate dimension 
parallel to the channel axis. Some lenses are found beneath and surrounding large 
scoria blocks up to 66 cm in diameter (Fig. 5.9b). Unit US2-B is overlain by a unit 
of fines-rich, poorly sorted, fine grained PDC deposits, which are typically 
stratified with massive layers and cross-stratified lenses of material poor in fine 
ash. This unit is interpreted as US2-C and is likely to have been deposited by 
dilute PDCs due to the well-developed stratification observed in the deposits. Unit 
US2-C is overlain by coarse breccia deposits containing spatter-rich clasts, 
abundant towards the top of the unit, which are interpreted as unit US2-D (Figs 
5.4a & 5.8d). 
White pumice clasts (1-2 cm) derived from unit US2-A are dispersed throughout 
the basal 10 cm of unit US2-B as discrete clasts and! or in concentrated pockets, 
2-3 em in diameter (Fig. 5.9c). The base of unit US2-B is locally erosive, 
especially on the channel limbs, with lobes of scoria clasts extending down into 
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unit US2-A (Fig. 5.9c). The upper contact of US2-B with overlying US2-C is 
typically sharp, however locally it is gradational. 
5.5.1.2 Zorbas restaurant (Locality 12) 
At locality 12, US2 deposits are largely confined to a deep, easterly plunging 
channel (20 m depth) with limbs dipping at 26° into the centre. Unit US2-A is 
finer grained than in Phira and Alonaki quarries and is of uniform thickness across 
the whole channel (Fig. 5.10a). 
Unit US2-B is discontinuous at this locality, with patches of deposit on the 
interfluves and limbs of the channel (Fig. 5.l0a). The base of the channel is not 
exposed. These patchy deposits could either represent erosion by the PDCs, which 
deposited unit US2-C above or discontinuous deposition. The basal contact of unit 
US2-B is locally erosive, extending downwards into unit US2-A, and the upper 
contact is typically gradational with overlying deposits (Figs 5Ac, 5.5 & 5.10b). 
The fine-grained, cross-stratified deposits of unit US2-C are absent at locality 12 
and Unit US2-B is directly overlain by a coarse grained, poorly sorted breccia, 
interpreted as unit US2-D. 
5.5.1.3 Akrotiri Quarry (Locality 2) 

In Akrotiri quarry US2 deposits are up to 20 m thick and infill a network of large 

channels (up to 60 m wide), the long axis orientations of which are inferred in 

Figure 5.lla. The channel limbs typically dip at angles of 18-20° but some are as 
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steep as 30°. Unit US2-A is absent from the US2 sequence (Figs 5Ad & 5.5). The 
thickness of unit US2-B is more uniform at this locality with less pronounced 
thickening into the channels (Figs. 5.llc & d). The unit is typically present across 
the whole channel, thinning slightly onto interfluves. Locally the thickness is 
more irregular and at locality 2g unit US2-B thins and pinches out completely 
over a few metres on a channel limb, then thickens onto the interfluve (Fig 5.12a). 
The discontinuous nature of the US2-B deposit is interpreted to be the result of 
erosion by the PDCs which deposited unit US2-C, and is similar in nature to the 
patchy deposit described at locality 12. 
Unit US2-B is typically reverse graded although locally is symmetrically reverse 
to normally graded. An increase in the abundance of rounded, light grey pumice 
was noted in unit US2-B at the Akrotiri quarries compared to the more proximal 
sites (Fig 5.12b). The pumice is typically present throughout the unit, however 
locally it is concentrated in the upper 10-15 cm (Locality 2g & 2h) or the lower 
10-20 cm (Locality 2d & 2e). The upper contact of unit US2-B is gradational in 
many places with clasts of black scoria (up to 15 cm in diameter) dispersed 
throughout the basal 10-20 cm of the US2-C unit (Fig 5.12e). The gradational 
upper contact is attributed to erosion of the unit by the PDCs, which were 
emplaced above (US2-C). The basal contact of US2-B is typically sharp (Fig. 
5.12c) although locally it is gradational. 
Lenses of a fine grained, poorly sorted deposit rich in fine ash are present within 
the upper 20 em of unit US2-B, even in the base of the channel where the layer is 
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relatively horizontal (Fig 5.12d). US2-B is overlain by a sequence of fine grained, 
fine-ash rich PDC deposits (US2-C) and lithic rich breccias (US2-D) (Fig 5.4 d). 
5.5.1.4 Cape Aspronisi (Locality 1) and Mavros (Locality 3) 
These two localities are less than 1 km apart and unit US2-B has similar 
characteristics at both (Fig 5.2). At Cape Aspronisi the unit is dipping into the 
cliff face at 21 0 to the southeast and at Mavros the unit was deposited on a 
horizontal surface (Fig. 5.7). Unit US2-B is typically reverse graded and is 
generally of uniform thickness between the two localities (0.6-1 m) (Figs 5.4b & 
5.13). In the top 10-20cm of the unit there is a notable abundance of rounded, 
light grey pumice clasts. 
At both localities unit US2-B is directly underlain by 5.5 - 11 cm of fine lapilli, 
2.5 - 6 em of stratified fine lapilli (3 ash layers). A thin layer 0.5 - 1 cm of fine 
grained cream pumice fall is interpreted as unit US2-A (Figs. 5.4b & 5.13). Unit 
US2-B is overlain by 0.6 -3 m of poorly sorted, fine grained deposits, which are 
cross-bedded and finely laminated (US2-C) into fines-poor lenses, 3-6 cm thick 
and massive layers up to 60 em thick (Fig. 5.4b). Above this unit is 2-3.5 m of 
coarse, crudely reverse graded breccia (US2-D) (Fig. 5.4b). 
5.5.1.5 Aspronisi (Locality 4) 
The island of Aspronisi is situated mid-way between the southwestern tip of 
Santorini and the southern tip of Therasia (Fig. 5.2). Unit US2-B was deposited on 
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a relatively horizontal surface on the island and typically exhibits symmetrical 
reverse to normal grading. The unit, which is 1.5 m thick on Aspronisi Island, is 
only thicker in Phira and Alonaki quarries. The base of unit US2-B grades into a 
12 cm thick, fine grained, lithic rich unit which has poorly developed stratification 
(1) (Figs 5.4b & 5.14). This is underlain by a 48 ern thick unit composed of well­
sorted, angular lithic clasts, with some dense juvenile material (2). The lower 6-8 
cm of this layer is distinctly red! orange in colour (3). Below this is 10 cm of fine 
grained, reverse graded lithic rich deposit (4) and 12 ern of finely stratified lapilli 
(5). This is underlain by 3 cm of coarser lapilli (6), which is distinctly pumice-rich 
at the top and lithic-rich at the base. Finally the base of the sequence is 
characterised by 16 cm of pumice lapilli with well-developed normal grading 
interpreted as unit US2-A. These layers, below unit US2-B, are similar in nature 
to those observed at Cape Aspronisi (Locality 1) and Mavros (Locality 3). Unit 
US2- B is overlain by 2 m of cross-stratified, fine grained, poorly sorted deposit 
(US2-C) and 5 m of coarse, lithic breccia (US2-D). 
5.5.1.6 Therasia (Locality 5) 
On the southern tip of Therasia unit US2-A is 30-50 cm thick and becomes lithic 
rich towards the top 20 cm of the unit. This unit is directly overlain by 4-5 m of 
reddish brown, welded deposit with large fiamme (flattened juvenile clasts) that 
are up to 1 m in length (Fig. 5.15a). A similar welded unit is also present at Cape 
Tourlos (5.15b), directly above unit US2-A, which has previously been 
interpreted as welded US2-C deposit (Druitt et al., 1989; Mellors & Sparks, 
1991). 
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It is difficult to reconcile that unit US2-B is thickest on Aspronisi (5.0 km from 
vent) and in Phira quarry (3.1 km from vent), yet it is absent on Therasia (4.1 km 
from vent) and at Cape Tourlos (3.5 km from vent). One interpretation is that Unit 
US2-B may have been removed by erosive PDCs e.g. US2-C. Alternatively, the 
deposits on Therasia and Cape Tourlos could be interpreted to represent a 
proximal welded facies of Unit US2-B. 
5.6 (;r~ulo~etry 
Grain size distributions were determined for 33 samples of US2-A, Band C from 
nine main localities (1, 2, 3, 4, 6, 7, 9, 13, & 14). Samples ofUS2-C deposit were 
collected along with samples of the lenses of fine grained, poorly sorted material 
within unit US2-B at localities la, 2, 14b & d. A sample of the pumice fall deposit 
(US2-A) was collected for comparison (Locality 14b). Samples were collected 
from areas where the palaeotopography was relatively flat and from the channel 
centre and limbs to understand the effects of topography and to minimise effects 
of any secondary remobilisation of material. 
Samples were field sieved at 1 phi (<I» intervals from -6 to -3 <I> (16 rom), separated 
for component analysis, then split for further grain size analysis in the laboratory. 
Split samples were then dry sieved at 1 <I> intervals to 4 <I> (63 jlm). The grain sizes 
of coarse US2-B deposits (> -6 </>, 64 mm) were determined using the photo 
method employed in Chapter 3 to achieve quantitative results (Appendix AI). The 
grain size statistical parameters of Inman (1952) are used. 
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5.6.1 Grain size ofUS2-B 
Median diameters (Md<l» of the US2-B deposit, range from a maximum of -4.8 <I> 
in Phira quarry (Locality 14) to a minimum of -1.8 <I> in Akrotiri quarry (Locality 
2) (Fig. 5.16a). The main point of transition in grain size occurs around 4 km from 
vent (Locality 7) (Fig. 5 .16b). Southwest of this locality median diameters of unit 
US2-B are typically in the region of -3.1 to -3.6 <1>, to the north of locality 7, 
median diameters range from -4.0 to -4.6 <I> (Figs 5.4 & 5.16b). Unit US2-B is 
generally fines-poor with percentages of fine ash «63 microns) less than 2.3 wt % 
with little variation in the percentage of fine ash between the upper and lower 
parts of the unit. 
Median diameters (Md<l» plotted against sorting coefficients (0'<1» of unit US2-B 
show that the majority of the samples lie within the Walker (1983) field for 
pyroclastic fall deposits (Fig. 5.16). Those coarse, poorly sorted samples that lie 
outside Walkers fall field are from localities proximal to the vent (Localities 13 
and 14). Unit US2-B is typically better sorted in the south of the island, on the 
Akrotiri peninsula (er<l> = 1.2 to 1.9 <1», becoming more poorly sorted towards the 
north in Phira quarry (m!> = 2.6 to 3.0 <1» (Fig. 5.4). The lower part of the unit is 
typically better sorted (0'<1> =1.1 to 1.6 <1» in distal areas with the upper part more 
poorly sorted (er<1> =1.6 to 2.4 <1» (Figs 5.4 & 5.17). Median diameters from the 
upper and lower parts of the unit plotted against distance from vent show that the 
unit is typically reverse graded and a decrease in median diameter occurs with 
increasing distance from the vent (Fig. 5.16b). Distally, the unit becomes more 
homogenous in nature as there is less variation in median diameter between upper 
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Figure 5.16a: Median diameter (Md</» versus sorting coefficient (O'</» 
for units US2-A, Band C. Dashed lines correspond to the pyroclastic 
fall fields of Walker (1983), thick line (4 wt % < 63)lru) and thin line (1 
wt % < 63 !lm); solid line corresponds to the pyroclastic surge field of 
Walker (1983), (1 wt % < 63)lm). 
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Figure 5.16b: Median diameter (Md</» for upper and lower portions of 
unit US2-B versus distance from vent (km) illustrating reverse grading 
and a general fining of the unit in distal areas (Tie lines join samples 
from the same locality). 
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and lower parts of the unit. 
The grain size parameters of unit US2-B vary according to the palaeotopography 
that the unit has been deposited on (Fig. 5.7). Where the unit has been deposited 
on a relatively flat palaeotopography (i.e. on the Akrotiri peninsula), there is less 
overall variation in the median diameter of the deposit (-3.5 ¢ to -3.8 ¢). Deposits 
on more pronounced relief have greater variation in grain size (Fig. 5.18). 
Lenses of fine grained, poorly sorted deposit sampled from within unit US2-B 
have median diameters and sorting coefficients (Mdcp = -0.8 to 0.5 ¢ and o'CP =1.8 
to 2.9 ¢) similar to unit US2-C (Md<l> = -0.8 to 1.1 <I> and o'¢ = 2.0 to 2.8 <1» which 
lie within Walkers (1983) pyroclastic surge field (Fig. 5.16a). Unit US2-A 
(Locality 14) is relatively fine-grained and well sorted (Md¢ =-1.2, 0'<1> = 1.4). 
The unit contains 7.6% fine-ash « 63 ).Lm) and plots well within Walkers (1983) 
field for pyroclastic fall deposits (Fig. 5.16a). 
5.6.2 Component analysis 
Samples from localities with varying distances from the inferred US2 vent were 
chosen for component analysis (Locality 14- 3.1 lan, locality 7- 4.0 km, locality 
2- 4.9 km, locality 1- 5.4 km and locality 9- 6.5 km). The -5 to -1 <I> fractions of 
samples from both the upper and lower parts of the unit were separated into dark 
black andesite scoria, light grey pumice and lithics. 
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In the most proximal localities (3-4 km from vent) unit US2-B is composed 
predominantly of black scoria with only minor percentages of grey pumice 
«1.5%) and lithics (10%) (Fig. 5.19). The percentage of black scoria decreases 
significantly with distance from the vent in the -3 to -1 phi fractions. The 
percentage of grey pumice clasts increases with distance from the inferred vent so 
that in distal localities the -3 to -1 ~ fractions of unit US2-B are composed 
principally of grey pumice (40-80%) with lower percentages of scoria (10-20%) 
and lithics (10-50%) (Fig. 5.19). The concentration of different lithologies does 
not vary substantially between the upper and lower parts of the unit, however 
locally there are variations (Fig. 5.19). 
The percentage of coarse lithics (> 50 em) decreases with distance from the vent 
as the percentage of smaller lithics « 1 0 cm) increases. A slight increase in the 
concentration of lithics in the -4 phi grain size fraction (16-32 mm) occurs around 
Akrotiri quarry (Locality 2), however the concentration decreases on the Akrotiri 
Peninsula. In the -3 and -2 phi grain size fractions (8-16,4-8 mm) the percentage 
of lithics remains fairly constant in both the upper and lower parts of the unit. The 
-1 phi fraction (2-4 mm) shows an increase in the proportion of lithics moving 
towards the Akrotiri peninsula. 
The morphology of individual clasts within a pyroclastic deposit can be indicative 
of the mechanisms, which may have occurred during emplacement e.g. a rounded 
morphology suggests that prolonged abrasion and interaction is likely to have 
occurred between clasts implying a flow mechanism. Large scoria clasts (> 20 
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cm) within unit US2-B typically have a rounded, caulifonn morphology with a 
dense interior and a frothy, vesicular rim. Many of these large clasts are fractured, 
in-situ and disintegrate when disturbed. Smaller clasts of scoria <10 cm are 
typically sub-angular to angular in morphology. 
Lithic clasts are typically sub-angular to sub-rounded in morphology. The grey 
pumice clasts are mostly sub-rounded and similar in morphology to pumice clasts 
found in unit US2-C. It is suggested that the grey pumice clasts may have been 
derived from the US2-C PDCs if they were emplaced contemporaneously with 
unit US2-B. 
5.6.3 Clast dimensions 
A useful field measurement for pyroclastic fall deposits is the size of the largest 
clast within the deposit (Walker, 1981). In this work, the average length of the 
three principal axes (x, y & z) of the three largest clasts are used to obtain the 
mean spherical diameter (MSD =mean of each dimension, averaged to give one 
I 
figure). Measurements of the maximum dimensions of the five largest clasts were 
also made. 
i 	 5.6.3.1 Mean spherical diameter (MSD) 
t 	 Measurements of MSDs were made in the centre of channels and also on the 
limbs. The MSD of scoria is typically greater than that of lithic clasts. This trend 
is most pronounced in the central axis of the channel rather than on the channel 
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limbs (Figs 5.20a & b). The MSD of both scoria and lithic clasts decreases with 
increasing distance from the vent (Fig. 5.20a & b). 
MSD data for each locality are plotted on a map of Santorini and contoured to 
produce isopleth maps from which quantitative information can be evaluated. 
(Fig. 5.21). The data show a decrease in MSD to the south of the inferred vent. 
The areas enclosed by the isopleths constructed for the MSDs of lithic clasts (5, 
6.4 & 10 em diameter) and equivalent scoria clasts (5, 10, 16 & 20 cm diameter) 
were calculated along with their corresponding cross and downwind ranges (km) 
(Fig. 5.21). For fallout deposits, isopleths can be used to estimate eruption column 
height and wind speed (Carey and Sparks, 1986; Wilson and Walker, 1987) (Fig. 
5.22). Both lithic and scoria clast data are used, however the dimensions of lithic 
clasts are generally more reliable as they are less likely to have fragmented on 
impact with the ground surface. According to both the lithic and scoria MSD data, 
the maximum height of the eruption column (HT) is estimated to be in the region 
of 20-23 km with a wind speed of approximately 10-13 ms'\ (Fig. 5.22). 
5.6.4 Aerodynamic Equivalence 
The settling velocity of a particle is a function of its size and density. As a result, 
two particles of different size and lithology (i.e. pumice and lithic) may have the 
same settling velocities if their densities are inversely related making them in 
aerodynamic equivalence with one another (Sparks et ai., 1997). According to 
Mellors (1988), in proximal locations, the scoria and lithic clasts within Unit US2­
B are of similar size and are not aerodynamically equivalent. In the southwest of 
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the island, however, the deposit is less-lithic rich and lithic clasts are in 
aerodynamic equivalence with the scoria. This led Mellors (1988) to suggest that 
in proximal locations the US2-B was not emplaced solely by a fall mechanism. 
Mean spherical diameters for lithic (LMSD) and scoria (SMSD) clasts are 
compared for unit US2-B (Fig. 5.23a). The density of the scoria is taken as 1100 
kg/m3 (after MeHors and Sparks, 1991) and the density of the lithics are estimated 
at 2500 kg/m3• The line of aerodynamic equivalence for maximum clast data 
SMSDILMSD should be equal to 2.27, although the mean SMSDILMSD is 2.49. 
There is considerable spread in the samples (Figs 5.23a & b). However, lithic and 
scoria clasts are in broad aerodynamic equivalence. The value of aerodynamic 
equivalence does not seem to vary significantly with distance from vent (Fig. 
5.23b), however in proximal localities unit US2-B is composed of clasts which 
demonstrate the lowest degree of aerodynamic equivalence (Fig. 5.23b). 
5.7 Interpretation 
Unit US2-B exhibits characteristics of both a fall and flow generated deposit. 
Most flow characteristics are observed in proximal areas within 3-4 km of the 
vent, distally (> 4 km from vent) the unit becomes more fall like in nature. Unit 
US2-B is typically reversely graded in both proximal and distal areas and 
decreases in thickness and grain size with distance from the vent. 
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5.7.1 Flow Characteristics 
I 1. In proximal areas unit US2-B thickens into palaeochannels and thins onto interfluves (Figs 5.5 and 5.8). This is typically indicative of a flow mechanism i 	 of emplacement (Cas & Wright, 1987). An alternative possibility is that 
thickening into palaeochannels may be related to post-depositional erosion of 
the unit by the PDCs whose deposits occur stratigraphically above unit US2-B. 
The PDCs may have been more erosive on topographically prominent areas 
such as interfluves and less erosive in the base of the channel causing the 
deposit to be thicker there. Isolated and patchy deposits such as those described 
below Zorbas restaurant (Locality 12) and in Akrotiri quarry (Locality 2g) are 
interpreted to be the result of post US2-B erosive activity by PDCs. 
I, 
2. Lenses 	of fine grained, poorly sorted, fines-rich deposit, interpreted as PDC 
deposits similar to those of US2-C, found within unit US2-B suggest that there 
has been interaction between the scoria lapilli of unit US2-B and finer grained 
PDCs. Where the finer grained lenses occur near the top of US2-B, the 
interaction may have been post deposition of US2-B and simply one of erosion, 
illustrated by the gradational contact of US2-B and US2-C. However where the 
lenses of US2-C are observed completely enclosed within US2-B the 
interaction must have been contemporaneous and could not have developed 
solely through subsequent erosion of the unit. 
3. 	The preferred orientations of tree moulds, which occur near the base of unit 
US2-B in proximal localities, are suggestive of a flow mechanism of 
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emplacement. The tree moulds are typically oriented with long axes parallel to 
the channel axis and occur on both the limbs and within the central axis of 
channels. These features may have developed as a result of contemporaneous 
PDC activity and were simultaneously buried by scoria fallout. 
4. Particularly on the limbs of channels, the base of unit US2-B was observed to 
be erosive. Pumice clasts from the underlying pumice-fall layer (US2-A) have 
been entrained in the basal 10 cm of unit US2-B and the base of the unit is 
locally irregular with lobes of scoria extending downwards into unit US2-A 
(Fig. 5.9c). These features are typically observed on the limbs of large channels 
dipping at 18-26 An erosive base is suggestive of some degree of lateral0. 
motion however the erosion is fairly minor and thus it is possible it occurred 
due to remobilisation of freshly deposited material that was unable to adhere to 
the steep slopes of the channel. 
5. The small light grey pumice clasts « 3 cm) within unit US2-B are rounded in 
morphology, suggesting a flow mechanism, and are thought to be derived from 
PDCs similar in nature to those which deposited unit US2-C. 
Imbrication of juvenile scoria clasts and bedforms indicative of flow were not 
observed in unit US2-B. However the scoria clasts are typically equidimensional 
and irregular therefore imbrication and bedforms would not necessarily be 
apparent. Most of the flow characteristics that have been described are present 
within channels whose limbs dip at between 18-30°. 
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5.7.2 Fall Characteristics 
1. 	 Grain size data for unit US2-B occur within the fallout field of Walker (1983) 
suggesting that it is most likely a pyroclastic fall deposit, especially with 
increased distance from the vent. 
2. 	 Lithic and scoria clasts are typically in aerodynamically equivalence. 
3. 	 The unit lacks a substantial matrix with low percentages of fine ash « 2.3 wt 
%) even in proximal areas, which is typical of fall deposits (KUllo, 1941). 
4. 	 Small scoria clasts (<10 cm diameter) within the unit are typically angular 
suggesting a fall mechanism of emplacement. However larger scoria clasts 
(>20 cm) are generally more irregular in morphology but are fractured and 
disintegrate when disturbed owing to breakage on impact. 
5. 	 The thickness of the unit is generally more uniform in distal areas typically 
mantling the topography, suggesting a fallout origin. 
6. 	 Dense lithic clasts are evenly distributed throughout unit US2-B, which is 
typically reverse graded. This characteristic was suggested by Duffield et al. 
(1979) as being indicative of fallout deposits. 
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5.7.3 Discussion 
Five possible mechanisms of emplacement, which could result in both flow and 
fall depositional characteristics for unit US2-B are discussed below. 
1. Proximal P Des which evolved to fallout distally 
In this interpretation, unit US2-B was emplaced as a lateral flow in proximal 
regions then evolved to fallout more distally, especially in the southwest of the 
island. The PDC produced a convective cloud, which lifted off buoyantly then 
deposited material through a fallout mechanism. Evolution of a lateral flow to 
convective rise and subsequent deposition of fallout was previously suggested by 
Sparks et a1. (1986) for the 1980 Mount St. Helens blast eruption. 
This mechanism would lead to the development of flow deposits in proximal areas 
and fall deposits in distal areas. However, although the unit US2-B exhibits some 
flow characteristics in proximal areas such as the preferred orientation of tree 
moulds, thickening into valleys and an erosive base, the unit has a distinct lack of 
matrix and imbrication of juvenile clasts which would be expected to develop 
from a flow mechanism of emplacement. It is also unlikely that convective rise 
could lift coarse scoria (up to 22 cm in diameter in distal areas) and redeposit 
them. 
2. Erosion ofunit US2-B by PDe emplacement 
If unit US2-B was deposited primarily by a fallout mechanism, erosion from 
subsequent PDC activity may explain the formation of features indicative of a 
201 
Chapter 5, Origin o/unit US2-B Lucy.i.Ritchie 
flow mechanism. Erosion could account for the gradational upper contact of unit 
US2-B as clasts of scoria would be entrained at the base of the PDCs and then re­
deposited primarily along the erosive contact of US2-B and C. Erosion could also 
be responsible for the patchy nature of the deposit (observed at localities 2 and 12) 
and thickening into charmels. However this mechanism cannot explain the lack of 
matrix and lenses of fine grained, poorly sorted material enclosed within unit 
US2-B. 
3. Deposition offall deposit under the influence ofstrong winds 
In this scenario, unit US2-B was deposited primarily by a fall mechanism, and 
flow characteristics can be explained by the influence of strong surface winds 
causing secondary remobilisation of material (Wilson & Self, 1990). Wilson and 
Hildreth (1998) describe hybrid fall deposits in the Bishop Tuff, California which 
have overall plane-parallel bedding and flat lying pumice clasts like normal fall-
deposits but also show variable development of cross-bedding, crystal and pumice 
sorting and some rounding of pumice clasts. They interpret the hybrid deposits as 
fall material that was contemporaneously redeposited by strong whirlwinds with 
velocities up to 40 ms-1, associated with coeval emplacement of pyroclastic flows. 
Wilson & Self (1990) suggest that particles with diameters of less than 2 mm 
would have terminal fall velocities low enough to be influenced by surface winds. 
The material comprising unit US2-B is however, too coarse to have been 
reworked by winds. Bedforms that would have been produced by aeolian 
processes such as cross bedding and dunes were not observed in unit US2-B. The 
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channels within which US2-B was deposited would also have provided shelter 
from surface winds. 
4. Grainflow related to strong relief 
Unit US2-B was typically deposited on a strongly undulating palaeo-topography. 
In this interpretation unit US2-B was principally emplaced by a fall mechanism. 
Flow characteristics within the unit are explained by the process of grainflow, 
whereby clasts rolled down the steep slopes of the channels. Grainflow may have 
been initiated after deposition triggered by earthquakes, or perhaps the slopes of 
the channels were simply too steep for material to adhere to as they were being 
deposited. Already deposited clasts may also have been initiated into rolling by 
the impact of other falling clasts. 
Avalanching on steep slopes has been invoked to account for reverse grading of 
fallout deposits (Duffield et ai., 1979; Sohn & Chough, 1993, Iverson & Vallance, 
2001). Grainflow mechanisms operate in the avalanche to cause size sorting over 
distances of up to 100-200 m (Duffield et ai., 1979). This mechanism operates on 
slopes at or above the critical angle of rest of typically 30° or more (Duffield et 
al., 1979; Sohn & Chough, 1993). In the Coso fallout deposits, California, the 
fragments moved together in the avalanche as lobes rather than individual clasts 
due to grain dispersive pressures and produced distinctive bedforms such as lobes 
and dunes of coarser material (Duffield et ai., 1979). 
Various mechanisms have been suggested to account for the reverse grading of 
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fragments in grainflows. Bagnold (1954) suggested that such sorting was the 
result of the upward grain dispersive pressure induced by shear stress so that large 
particles migrate towards the zone of least shear strain and smaller grains towards 
the greatest shear strain. Middleton (1970) alternatively proposed that reverse 
grading is the result of kinetic sieving, whereby smaller particles simply fall 
between large particles during flowage and the upward or downward migration is 
controlled by particle size. Sallenger (1977) argued that sorting occurred due to a 
function of both particle size and density such that heavy particles are smaller than 
adjacent light grains at any level in a reverse graded bed. Reverse grading in 
fallout deposits has also been explained by changing vent conditions, increasing 
ejection velocity (Williams, 1942) and the building intensity of the eruption 
(Sparks & Wilson, 1976). 
The US2-B deposit exhibits well developed reverse grading, thickening into 
channels with coarse clasts of scoria typically located in the central part of the 
channel. These features may be interpreted in terms of a grainflow mechanism of 
emplacement whereby coarse clasts of scoria fallout bounced on impact and rolled 
into the centre of the channel. Internal structures such as the dunes and lobes of 
material seen in the Coso fallout deposits were not observed but this may be due 
to the coarse, irregular nature of the material comprising the US2-B deposit. Unit 
US2-A was also deposited on channel slopes but is of uniform thickness and does 
not show evidence of mobilisation. This may indicate that the slopes were not 
steep enough to facilitate grainflow, but may be a result of the fine grained nature 
of the deposit. On the island of Aspronisi unit US2-B was deposited on a flat 
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palaeotopography but exhibits well developed reverse grading. In this case, 
development of reverse grading is attributed to an increase in the power of the 
progressing eruption and not grainfiow. 
5. Contemporaneous fall and PDCs 
By this mechanism unit US2-B was emplaced as a fallout deposit accompanied by 
contemporaneous PDC activity in one of two ways. The flrst is that these deposits 
were generated as the two mechanisms operated simultaneously (fall and flow) 
where the clasts from fallout fell through active PDCs. The second possible mode 
of emplacement is that the short-lived Plinian phase producing fallout was 
immediately succeeded or accompanied by PDCs, which travelled through the 
material falling out of the Plinian cloud. 
Valentine and Giannetti (1995) proposed the notion that these two possible 
mechanisms could explain the emplacement of layers within the White Trachytic 
Tuff on Roccamonfina volcano, Italy. Some of layers of the tuff resemble a lapilli 
fall deposit with angular pumice fragments and median diameters and sorting 
coefflcients within the range of fallout deposits. However other clasts within the 
layers were well-rounded suggesting abrasion during transport within PDCs and 
the layers thicken into depressions and seem to have incorporated material from 
the PDC deposits that lie above the layer. Yoshida (1996) also invokes a 
mechanism of contemporaneous fallout and PDC activity to explain the formation 
of "mixed deposits" formed by the eruption of Usu volcano, Hokkaido, Japan, 
between 1977-78. Yoshida describes units (which he terms "mixtures"), 
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composed of angular lithic blocks and lapilli material, set in a matrix of coarse 
volcanic ash. The sorting coefficients for the whole unit resemble those of PDC 
deposits, however impact structures are found surrounding the largest blocks, and 
sorting coefficients for the lapilli sized material suggest they are fallout deposits . 
Yoshida suggests that these deposits were produced by the mixing of ballistic ,• 
t bombs with falling pyroclasts from an eruption column together with PDCs, 
i during a large-scale phreatomagmatic eruption. ~. This mechanism would account for the lenses of poorly sorted, fine grained i, 
material that are totally enclosed within unit US2-B and the upper gradational 
contacts of the unit. If the PDCs waxed and waned, as is quite possible, they may ,• 
I have been erosive accounting for the unit thickening into channels. It is also 
f envisaged that the rounded light grey pumice present in unit US2-B may have 
I 
t 
been derived from the PDCs. 
I 5.7.4 Model for origin of Unit US2-B 
I 
~ 
It is envisaged that the emplacement of unit US2-B was a result of a combination 
of processes. Contemporaneous PDC activity and plinian fallout of scoria was the 
dominant mechanism accompanied by proximal scoria flows followed by 
significant erosion and minor localised grainflow. 
The initial US2-B phase involved the development of a convecting eruption 
column with a maximum height (Hr) of 20-23 km (estimated from MSD isopleth 
data). Proximally, there was partial collapse of the column and US2-B was 
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deposited from short lived, scoria rich flows (Phira and Alonaki). The fallout 
phase of the eruption was accompanied by PDCs (US2-C), which travelled 
through the US2-B material falling out of the convecting plume (Fig. 5.24). 
Coarse scoria and lithic clasts that were deposited by fallout on the steeply sloping 
channels, were locally remobilised and flowed downslope becoming concentrated 
into the base of channels. The PDCs that occurred during fallout of the scoria 
lapilli waxed and waned, depositing then eroding substantial amounts of unit 
US2-B especially in proximal areas, but became less erosive in distal areas. The 
interaction of PDCs travelling through US2-B fallout led to the development of 
lenses of fine-grained, poorly sorted material derived from the PDCs within unit 
US2-B and gradational upper contacts. The proximal US2-B PDCs did not contain 
abundant percentages of light grey pumice. Distally, the US2-B deposits are 
composed of 40-100 % light grey pumice, which is interpreted to have been 
derived from the US2-C PDCs. 
The PDCs associated with the emplacement of unit US2-B are not envisaged to 
have been blast derived. This interpretation is based on the following 
sedimentological evidence. If the PDCs were blast derived they would have been 
highly energetic and thus it is unlikely that the scoria fallout would have been able 
to accumulate and would most likely have been entrained. It is also envisaged that 
the PDCs would have been erosive, giving rise to sharp contacts, however the 
contact with US2-B is typically gradational. 
I" 
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6 	 Conclusions 
6.1 Sedimentology of the 26 December 1997 PDC, Montserrat 
1. 	 Bipartite layering is a typical characteristic of the unconfined PDC deposits, 
and is directly related to the depositional mechanics of the current. The 
lowermost layer (layer 1) is fmes-poor and the upper layer (layer 2) is fines­
rich, typically with a grain size break and a sharp contact between them. The 
grain size break is interpreted as the boundary between deposits from the body 
of the current (layer 1) and the overlying wake (layer 2). The sharp contact is 
thought to represent an erosional phase between the deposition of the two 
layers. 
2. 	 The PDC deposits record evidence for at least two depositional events (Units I 
and II). Deposition was inherently patchy, particularly in axial areas where 
erosion was most widespread. In peripheral areas deposition was more 
continuous and uniform in nature. Depositional characteristics, such as cross­
stratification, become more pronounced from axial to peripheral regions and 
locally are related to topographic irregularities, indicating depositional 
conditions are sensitive to the underlying substrate. 
3. 	 The PDC was highly pulsatory during the collapse. Large sculpted bedforms 
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and scoured areas record evidence for at least two erosional events related to 
the pulsatory waxing and waning of the PDC. Erosion occurred immediately 
prior to deposition and also between Units I and II. In axial areas building 
structures above ground level have been totally removed. 
4. 	 Directional indicators such as flattened fence posts, bent steel reinforcement 
bars and damaged trees show a radial pattern from the dome, but locally there 
are variations. These may be due to helicoidal vortices acting within the 
current or to the effects of topography such as valleys. 
5. A number of lines of evidence exist for an initially stratified current due to 
explosive expansion of the dome: 
i) Well-developed normal grading. 
ii) The strong grain size division between Unit I, layers 1 and 2 especially in 
axial areas where very coarse layer 1 deposits are capped by significantly 
finer grained layer 2 deposits. 
iii) The significant fining of deposits with distance from source accompanied 
by the persistence of bipartite layering. 
iv) The significant decrease in median grain size of layer 1 SE to NW across 
deeply incised valleys. 
v) 	 The fme-grained surge-derived pyroclastic flow deposits in Dry Ghaut 
being derived from the upper parts of the PDC and the coarse-grained 
facies in the White River valley and axial areas from the lower parts. 
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6.2 Experimental studies of stratified inertial gravity currents 
Experimental studies of two-layer stratified inertial gravity currents have shown; 
1. 	 The rate of mixing in the current is governed by the degree of stratification. In 
well-stratified currents the lower layer surges forward, travelling almost 
independently of the upper layer. This results in minimal mixing between the 
layers and stratification is sustained over long distances. Poorly stratified 
currents mix rapidly as the upper current travels at almost the same velocity as 
the lower current and intrudes into its turbulent wake. 
2. 	 Time/ distance curves for stratified versus homogeneous currents with the 
same overall salinity show that initially well-stratified currents move faster 
than homogeneous currents due to the increased buoyancy in the lower layer. 
Subsequently the head of the stratified current thins and slows down more 
rapidly than a homogenous current. 
3. 	 The lower, denser layer of a stratified current propagates ahead of the less 
dense upper layer regardless of the initial relative thickness of both layers, so 
long as it contains more overall salt than the upper layer. 
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6.3 The origins of unit US2-B, Santorini, Greece 
1. 	 Proximally unit US2-B exhibits characteristics indicative of emplacement 
from a flow. The unit thickens into palaeochannels and thins onto interfluves. 
Tree moulds at the base of the unit exhibit a preferred orientation with long 
axes parallel to the channel axis. The base of the unit is typically erosive 
especially on the limbs of channels. Discrete lenses of fine-grained, poorly 
sorted, fines-rich deposit within unit US2-B are similar in nature to PDC 
deposits stratigraphically above. 
2. 	 Distally, unit US2-B is more characteristic of a fallout deposit. It is of uniform 
thickness, well-sorted and composed of angular scoria clasts and lacks a fine­
grained matrix. Lithic and scoria clasts are typically in aerodynamic 
equivalence. 
Sedimentological evidence such as grading, grain size and thickness suggest that 
the principal mechanism of emplacement for unit US2-B was one of fallout. 
Features indicative of a flow mechanism of emplacement such as thickening into 
channels, gradational contacts, and discrete lenses of fine-grained material within 
the unit can be explained by the action of contemporaneous PDCs during scoria 
fallout. Erosive contacts at the base of the unit were observed only on steeply 
dipping channel sides and are attributed to grainflow of depositing! deposited 
material into the centre of the channel. 
The sedimentological study of blast generated PDC deposits on Montserrat has 
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presented important information on a relatively rarely documented volcanic 
phenomenon. The study has provided insights into the erosive and depositional 
capabilities of the PDC and highlighted that significant lateral and vertical 
variation in deposit characteristics are likely to be the result of enhanced 
stratification, generated in the initial stages of PDC development. The effects of 
an initial stratification on the propagation of experimental gravity currents have 
been documented and differences with homogeneous currents identified. The 
study of pyroclastic deposits on Santorini has highlighted the role of PDCs in the 
development of hybrid deposits, which exhibit characteristics of both a fallout and 
flow mechanism of emplacement. 
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Appendix AI: GRAIN SIZE METHODOLOGY 
During field studies, sections were documented and samples collected 
systematically. Approximately 270 samples were collected for analysis on 
Montserrat and 33 on Santorini. The weight percent « 1 mm. and < 0.063 mm) 
and statistical data (median diameter, Md<j>, and sorting coefficient, cr<j» are 
presented in Appendix All (Montserrat) and Appendix CI (Santorini). The CD 
enclosed (inside back cover) contains the raw grainsize data for Montserrat and 
Santorini samples, which are presented in EXCEL 2000, Version 9.0 files.I 
Various methods of analysis were used depending on the grain size of the 
deposits; 
i 

i 
 (i) Field and laboratory sieving f 
I, 
i Samples of pyroclastic deposit collected on Montserrat were returned to the 
laboratory, and dried thoroughly in an oven. Once dried, the samples were sieved 
at 1-<j> intervals, using brass test sieves, from -6 <\> to 6 <j>. Due to the range of grain
I sizes present in the samples, it was not deemed necessary to sieve at half phi 
I 
intervals. For logistical reasons, such as the cost of transporting large quantities of 
sample back to the UK, the -6, -5 and -4 <j> fractions of Santorini samples were 
sieved in the field. A large sack and a portable balance were used to collect a 
representative sample (5-6 kg in most cases), which was then sieved down to -4 <\>. 
Representative splits of the bulk samples were then returned to the laboratory for i 
sieve analysis down to 6 <j>. All samples (Montserrat and Santorini) were sieved by 
f 
hand to avoid the abrasion and break up of any pumaceous components (Walker, 
I 
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1971). During lab sieving documentation of the sample was carried out and the 
results recorded. 
(ii) Photographic analysis method 
Due to the coarse nature of some pyroclastic deposits in this study (> -6 <j:», 
representative sieve-analysis was not physically possible and thus the method of 
photo-sieving was employed. Photo-sieve techniques have been used previously 
in the study of coarse-grained, unconsolidated deposits such as those found in 
braided rivers and alluvial fans to give a representative grain size distribution 
(Kellerhals & Bray, 1971; Iriondo, 1972; Ibbeken & Schleyer, 1986). The photo-
sieving method requires a high quality close up photograph with a scale bar of a 
typical flat exposure, from which certain dimensions of clasts can then be 
measured. Using the dimensions of the clast (given below), its volume eVe), can 
be calculated using the following equation (Fig. ALI), which assumes that the 
clast is an ellipsoid (Ibbeken & Schleyer, 1986); 
Clast 
Figure ALI: Volume and mass of clast from 2-dimensional 
measurements (Ibbeken & Schleyer, 1986; Bunte & Apt, 2001). 
The mass of each clast (Me) can then be calculated using the density of the 
lithology (e.g., Montserrat juvenile lithic clasts- 2500kgm-3; Santorini scoria 
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clasts- 1000 kgm,3; Santorini lithic clasts- 2500kgm,3), and subsequently the 
weight of each fraction as a percentage of the total weight (wt%) for all clasts in 
the photograph is calculated (Bunte & Abt, 2001). This method produces results 
comparable to sieving, providing that all clasts in the photograph are analysed by 
the same method. The method is not however recommended when calculating the 
grain size distribution of the sediment as a whole if the sample contains matrix 
material that cannot be easily distinguished from the photograph (Ibbeken & 
Schleyer, 1986). 
The deposits that were sampled for this thesis contained clasts that were too small 
to be measured from a photograph and as a result, a sample of the matrix material 
« -6 <1» was collected for laboratory grain size analysis. From the photograph, 
each of the clasts (> 6 <1» was assigned to a size fraction based on their shortest 
dimension. The area of each individual clast (> -6 <1» was then calculated. The 
total area for clasts in each grain size fraction was collated and then this value was 
calculated as a percentage of the total area of the photograph. This new percentage 
for each coarse fraction in the photograph was taken to represent the wt %. The wt 
% of each fraction in the matrix sample was then scaled to the representative wt % 
of the samples calculated from the photograph. 
To augment the sieve analyses, the maximum dimensions of the five largest clasts 
were also measured at each locality on Santorini. From these measurements, mean 
spherical diameters (MSD = mean of each dimension, averaged to give one 
figure) were then calculated. 
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(iii) Laser Particle size analysis 
Pyroclastic samples with >15-wt % of fine ash content «0.063 mm, 5 ~) were 
analysed down to 10 <P using a FRITscH 'Laser Particle Sizer' A 22 COMPACTl . 
The sizer comprises an ultrasonic bath (350 ml) and stirrer, filled with tap water, 
to which the sample is added, and a sample cell, which holds the sample during 
the laser analysis. The particle sizer uses the Fraunhofer diffraction theory, which 
is valid down to 1250 Ilm, to calculate particle diameters. This method is based on 
the principal that if a spherical particle is illuminated by parallel, monochromatic 
light, a diffraction pattern (the Fraunhofer diffraction pattern) is produced. The 
diameter of the particle can be calculated from the radius, Ro, of the rings, the 
wavelength of the light and the focal length, f, of the imaging lens, such that; 
Particle diameter =1.84 xf x wavelengthIRo 
The particle sizer is connected to a computer and uses the 'analysette 22' program 
which is compatible with WINDOWS™ software. To process a sample the 
following parameters are set by the user in the 'analysette 22' software package. 
Parameter Setting 
Ultrasonic on all the time (note this will also preventjlocculation to some extent) 
Dispersion 10% 
Clean &fill 2 times before sampling and 2 after sample analysis complete 
Measurements 20 per sample (number oflaser scans) 
Background on (takes into account the particulate matter in the tap water used in the 
measurement system) 
I A22: Analysette 22 COMPACT is a trade mark of FRITSCH GmbH Ider Oberstein, Gennany. 
242 

Appendix A 
Lucy.J.Ritchie 
Method 
, 
Once the parameters are set as above, the fine-ash sample (63 ~m fraction) is 
homogenised to ensure an even distribution of particle sizes is added to the sizer. 
Using a spatula the sample was carefully added to the water-filled ultrasonic bath 
I 
I until the digital display for the dispersion concentration reads 10%. The sample 
must be added slowly as there is a slight time delay between adding the sample 
and the digital display registering the dispersion. The suspension is pumped 
through the sample cell that is then scanned by the convergent laser beam. The 
I 
I 
sizer will then run the sample and when complete, downloads the data on the 
computer. The user can then print out a probability graph of the wt% for each size 
I 
I 
, 
fraction. This wt % data was assumed to represent the whole of the 63~m fraction 
and was combined with the wt% data from sieve analysis, for the rest of the 
! sample. 
Errors 
To eliminate the influence of the measurement liquid (tap water in this case) 
during the measurement in suspension, or dust in the measurement chamber, the 
particle sizer runs a background measurement. In these background measurements 
any contaminations in the measurement liquid or residues of the previous sample, 
are detected and their influence on the current result is eliminated. A centrifugal 
pump in the ultrasonic bath prevents heavy particles from settling during 
dispersion. Although the ultrasonic bath reduces the effects of flocculation, errors 
are likely to occur due to the sub-micron range of measurement, and therefore 
data is only presented down to 10 phi. Studies on the comparison of samples 
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analysed by the FRITSCH 'Laser Particle Sizer' A 22 COMPACT and the classical 
method of sieving have been carried out by Konert & Vandenberghe (1997). They 
deduced that the size measurements of fractions < 63 )lm demonstrate a good and 
reproducible agreement between the both methods (Konert & Vandenberghe, 
1997). For size fractions> 63 )lm, laser analysis was found to give slightly 
coarser results compared to sieve analysis due to the non-spherical shape of 
natural particles. Laser analysis gives a 'mean diameter' of the particles, while the 
sieve analysis provides a measure of the width of the particle, thus variations in 
deviation between the two methods depends on particle form (Konert & 
Vandenberghe, 1997). Since in this study the data was collected from the < 63 11m 
fractions of the samples it was assumed to be appropriate to combine the laser size 
data with the sieve data for the rest of the sample. 
(iv) Statistical analysis 
The statistical grain size parameters of mean, median (Mdq», sorting coefficient 
(crq» and, mode were calculated using the DOS grain size program, SEDISIZ. 
SEDISIZ is a modification of a program written by Mackenzie and Westgate 
(1985) and was obtained from Jon Major, USGS, Cascades Volcano Observatory, 
WA 98661. In the program the user selects the range of grain size fractions (e.g., ­
5 to 5 phi) and whether the analysis was in whole or half phi fractions. The 
program then requires the input of the wt% of sediment passing through each 
sieve fraction. 
e.g., Fraction wt% program input 
-5 10 90 
-4 8 82 
244 

Appendix A Lucy.J.Ritchie 
The program then automatically calculates median, mean, sorting, skewness and 
kurtosis values using the graphical measures of Inman (1952) and Folk and Ward 
(1957). SEDISIZ also calculates the moment measures of Griffiths (1967). The 
program provides a graphical output that can either be plotted on a linear or 
probability ordinate scale as well as a histogram. The graphical measures of 
Inman (1952) for Md<j> and cr<j> (defined at the beginning of the thesis) were 
selected and used throughout this work. 
(v) Component Analysis 
Component analysis was conducted on selected samples and was carried out on all 
fractions of these samples down to -1 ¢. Samples were separated by hand and each 
fraction was weighed to give a wt %. 
245 

~!~.6-:~<~i~'*"-A.ii"'''"'~~~::~~t~'''''~",J.)&J..,.JiilIJII."-'--~'''~~~~'''- _~,~,~~.·~~",,~:'L~-.""'~4 ''''''=:~_2.fIaf.:'_'~","A~--·..'iIII:tilI","~'''''''.,",----~"".itSiir£.~....~~~,--~- ,",j••L_'->~J,___,:~__~ 
Appendix Ail: MONTSERRAT LOCALITIES, SAMPLE DESIGNATIONS AND GRAINSIZE STATISTICS 
lLocality MVOsample Median Sorting Wt%< Wt%< 
number 2Grid Reference number 3Sample Designation Diameter Coefficient lmm O.063mm 
(Md¢J) (u¢J) 
I 1 83554510 326 SDPDC - - - ­
1 83554510 328 SDPDC - - - ­
2 80404330 322 VI,Ll 0.55 2.02 60.80 4.50 
2 80404330 325 VI,Ll - - - ­
3 80504330 323 m,Ll 2.73 1.52 95.00 17.70 
3 80504330 324 mIl 3.39 1.60 99.50 30.60 
4 80354335 329 UIII 2.32 2.08 84.10 19.60 
4 80354335 330 m,L2 0.82 2.31 64.00 7.30 
4 80354335 331 m,Ll 0.76 2.80 60.70 8.10 
5 78554400 333 UllI 4.10 1.01 99.20 56.00 
5 78554400 334 m,L2 2.90 1.62 93.10 21.20 
5 78554400 335 VIII 3.98 1.22 97.60 49.60 
5 78554400 336 VI,Ll 0.91 2.83 62.50 10.10 
5 78554400 337 SDPDC 2.00 2.82 76.50 13.00 
6 77504470 338 SDPDC 2.22 1.99 82.80 12.60 
6 77504470 339 m,Ll 2.33 2.15 83.50 21.30 
6 77504470 340 m,L2 2.23 1.92 86.90 16.50 
6 77504470 341 UIII 3.20 1.32 95.60 36.00 
7 79504425 342 Carbonised tar layer - - - ­
8 79504445 346 VI,Ll 3.53 1.25 96.00 36.40 
8 79504445 347 VI,L2 2.31 1.47 97.70 13.60 
8 79504445 348 m,Ll 0.59 2.45 61.50 3.10 
8 79504445 350 m,Ll 1.34 2.32 71.50 8.00 
I See Figure 3.5 for locality designations. 

2 Grid references refer to the Montserrat Tourist map 1 :25,000, Edition 6, 1983 Copyright. Published by the British Governments Ministry of Overseas 

Development (Directorate of Overseas Surveys). 

3 Terminology: UI- Unit I, UII- Unit II, UIJI- Unit III, Ll- Layer 1, L2- Layer 2, SD PDC- Surge derived PDC 
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Locality Grid Reference MVOsample Sample Designation Median Sorting Wt%< Wt%< 
number number Diameter Coefficient lmm O.063mm 
(Md¢) (orp) 
9 79004465 351 m,Ll -0.85 2.87 37.90 2.50 
9 79004465 352 UI,L2 0.77 2.03 64.90 5.70 
10 77204535 353 UI,Ll 0.06 2.03 51.10 2.50 
10 77204535 354 UIIl 4.19 0.86 99.10 62.00 
10 77204535 355 m,L2 3.22 1.47 98.00 30.00 
11 77754530 356 UIII 4.27 0.80 99.10 68.00 
11 77754530 357 m,L2 3.08 1.59 95.30 27.70 
11 77754530 358 UI,Ll 1.95 1.87 84.20 12.00 
12 79704530 359 m,L2 0.38 1.91 58.20 1.20 
12 79704530 361 m,Ll 0.76 1.95 65.80 3.80 
13 79204480 380 UI,Ll -0.52 2.3 41.20 1.70 
13 79204480 381 m,L2 1.47 1.94 76.90 6.20 
13 79204480 382 UI1I 1.71 2.11 76.00 10.20 
14 80254580 383 UI,Ll -2.13 1.88 12.20 0.10 
14 80254580 384 UI,L2 -2.09 3.00 25.40 0.20 
14 80254580 385 VIII 1.38 1.87 77.00 5.80 
15 80104597 386 m,Ll -1.11 2.38 29.80 0.20 
15 80104597 387 UI,L2 -0.78 2.34 35.90 0.20 
16 78884435 389 m,L2 -0.28 2.18 44.70 1.30 
16 78884435 390 UI,Ll -0.19 2.35 46.80 3.10 I 
17 79954460 392 m, L2 (reworked) 2.91 1.63 93.50 22.70 
17 79954460 393 VI, L2 (reworked) 2.53 1.15 99.90 7.00 
18 78204480 396 UI,Ll 0.56 2.57 58.90 5.90 
18 78204480 397 VIII 3.91 1.07 96.30 47.40 
18 78204480 398 VIl,Ll 0.98 2.08 70.90 9.00 
18 78204480 399 UI,L2 2.00 2.06 81.30 13.50 
18 78204480 403 m,Ll -0.03 2.54 49.50 4.40 
19 79854330 - - - - - -
20 80204300 406 PDConfan 1.06 2.35 50.90 5.50 
20 80204300 407 PDConfan 1.38 1.96 75.40 5.70 
20 80204300 408 PDConfan 0.78 2.17 64.10 3.20 
20 80204300 409 PDConfan 0.12 1.86 52.60 1.10 
20 80204300 410 PDConfan -0.72 3.25 39.10 0.80 
21 80204325 411 UI,L2 0.49 2.24 58.60 4.30 
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1 
Locality Grid Reference MVOsample Sample Designation Median Sorting Wt%< Wt%< 
number number Diameter Coefficient Imm 0.063 mm 
(Md¢) (u¢) 
21 80204325 412 m.Ll 0.41 2.32 56.90 4.60 
22 79154480 442 m,L2 1.34 2.43 69.70 8.70 
22 79154480 443 m,Ll -1.01 2.39 35.10 3.50 
22 79154480 445 Vuleanian fallout -0.05 2.31 48.90 7.20 
22 79154480 446 m,L2 2.12 1.63 88.80 8.80 
23 78854350 447 PDConfan - - - -
23 78854350 448 PDConfan -0.32 1.61 42.10 0.30 
23 78854350 449 PDC on fan 0.87 1.80 69.00 2.60 
24 79654530 450 un, Ll 0.45 1.90 59.50 1.90 
24 79654530 451 m,L2 0.74 2.03 65.30 5.10 
24 79654530 492 m, Ll (10 m W of road) 0.43 1.90 59.10 1.50 
24 79654530 493 m, Ll (on road) 0.04 2.10 50.70 1.00 
24 79654530 494 m, Ll (10 mE of road) -1.62 2.44 25.60 0.10 
25 79104460 453 m,L2 2.43 1.76 90.80 16.50 
25 7910 4460 454 m,Ll 0.02 2.05 50.30 2.40 
26 78204435 461 SD PDC (top 40 em) -0.31 2.28 44.00 1.30 
26 78204435 462 SD PDC (middle 50 em) 1.45 1.93 76.80 6.70 
26 78204435 463 SD PDC (basal 20 em) 1.18 1.70 74.20 4.20 
26 78204435 464 UIII 4.17 0.85 99.10 60.20 
26 78204435 465 m,L2 3.60 1.20 98.70 40.00 
26 78204435 466 m,Ll 3.75 1.12 99.60 43.20 
26 78204435 467 m,Ll 1.02 1.93 70.30 6.80 
27 78404570 468 mIl 4.26 0.78 99.00 67.20 
28 78754525 470 m,L2 2.78 1.60 93.60 20.90 
28 78754525 471 m,Ll 2.81 1.50 96.90 20.00 
28 78754525 472 m,L2 2.96 1.56 95.90 22.60 
28 78754525 473 m,Ll 1.80 1.75 84.60 8.70 
29 78954500 474 m,Ll -3.71 1.98 42.20 1.20 , 
29 78954500 475 m,Ll -2.87 3.03 22.30 0040 
29 78954500 476 m,L2 1.88 1.82 85.10 11.30 
29 78954500 477 SDPDC 1.43 1.70 77.90 4.50 
29 78954500 478 m,L2 2.51 1.71 94.70 19.90 
29 78954500 479 m,Ll 0.42 2.10 58.30 4.20 
30 81504570 495 Pre 26 Dec ash - - - -
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Locality Grid Reference MVOsample Sample Designation Median Sorting Wt%< Wt%< 
number number Diameter Coefficient lmm O.063mm 
, (Mdt/J) ( O"t/J) 
30 81504570 496 	 SDPDCUI,Ll 0.24 2.44 54.20 1.90 
30 81504570 497 SDPDCUI,L2 1.63 2.09 77.60 10.90 
: 30 81504570 498 SDPDCUI,L2 1.53 2.06 75.80 8.40 
I 30 81504570 499 SDPDCUllI 2.81 2.07 87.30 28.50 
l 30 81504570 500 SDPDCUI, L2 0.30 2.18 55.70 1.70 
30 81504570 501 	 SD PDC UI1, Ll 1.07 1.77 72.10 2.20 
I 
I 	 30 81504570 502 SD PDC UI1, Ll 0.56 1.87 61.90 3.60 
30 81504570 503 SDPDCUI,L2 2.25 1.64 89.70 9.40 
30 81504570 504 SDPDCUI,Ll 1.47 1.85 79.30 8.20 
, 	 30 81504570 505 SDPDCUI, L2 2.59 1.32 93.70 15.50 
I 	 30 81504570 506 SDPDCUI,Ll 1.75 1.80 82.90 7.80 
30 81504570 512 SDPDCUI,Ll 0.33 2.03 57.00 0.90 
30 81504570 513 SDPDCUI,Ll 0.60 2.24 60.70 3.50 
30 81504570 514 SDPDCUI,L2 1.08 2.10 68.60 7.20 
31 81204545 507 SDPDCUI,L2 3.22 1.66 94.20 30.20 
31 81204545 508 SDPDCUI,L2 0.70 3.68 57.70 9.80 
31 81204545 509 SDPDCUI,Ll -1.84 2.72 24.40 0.20 
31 81204545 510 SDPDCrn,Ll - - - ­
31 81204545 511 SD PDC, gas escape pipe - - - ­
32 77404525 713 UI,Ll 3.21 1.53 98.00 30.60 
32 77404525 714 m,L2 3.64 1.26 99.10 40.40 . 
32 77404525 715 UIIl 4.22 0.85 99.10 63.80 
32 77404525 716 UI,Ll 3.13 1.60 95.60 29.70 ! 
32 77404525 717 UI,L2 3.65 1.31 98.40 41.20 
32 77404525 718 UIII 4.25 0.80 98.30 67.10 
33 77404480 719 UIII 4.27 0.81 98.90 68.60 
33 77404480 720 m,Ll 3.13 1.57 97.80 29.90 
33 77404480 721 UII, Ll 3.06 0.95 99.20 18.50 
33 77404480 722 m,L2 3.29 1.41 97.90 32.10 
33 77404480 723 m,Ll 2.99 1.51 97.50 25.80 
34 77504465 724 UIIl 4.26 0.80 98.70 67.20 
34 77504465 725 UI,L2 2.99 1.55 95.70 26.70 
34 77504465 726 UI,L2 3.46 1.25 97.90 34.00 
34 77504465 727 m,Ll 2.36 1.74 92.70 17.00 
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Locality Grid Reference MVOsampk Sample Designation Median Sorting Wt%< Wt%< 
number number Diameter Coefficient lmm O.063mm 
(Md¢) ((f(j) 
34 77504465 728 m,Ll 1.97 1.88 85.60 13.70 
34 77504465 729 m,Ll 0.88 2.40 62.80 11.30 
35 77804470 735 UI,Ll 0.93 2.21 65.80 9.20 
36 78054475 730 m,L2 2.12 1.71 90.80 13.80 
36 78054475 731 m,Ll 1.79 1.85 85.00 12.80 
i 	 36 78054475 732 UI, L2 1.51 1.29 90.80 3.80 
36 78054475 733 UI,L2 3.16 1.21 98.70 25.30 
36 78054475 734 UI,Ll 0.97 2.01 69.60 8.30 
37 78304480 736 UIII 3.12 1.49 97.10 27.50 
37 78304480 737 UI,L2 2.64 2.05 86.30 22.90 
37 78304480 738 UI, Ll (top 3 cm) 1.62 1.89 82.10 11.10 
37 78304480 739 UI, Ll (middle 5cm) 1.32 1.93 76.00 8.90 
37 78304480 740 m, Ll (basal 5 em) 0.89 1.9 I 67.90 6.30 
38 78404480 - - - - - ­
39 78504485 741 UI,Ll 0.49 2.59 57.40 10.90 
,39 78504485 742 m, Ll (1 m east of 741) 0.97 2.28 67.00 11.50 , 
39 78504485 743 m, Ll (1 m east of 742) 1.94 1.84 85.40 12.20 
39 78504485 744 m,L2 4.26 0.83 99.20 67.20 
39 78504485 745 UIl,Ll 1.03 2.47 66.10 8.80 
40 78654500 746 ur,Ll 1.00 1.98 69.90 7.20 
40 78654500 747 UI,L2 2.77 2.08 86.30 26.10 
40 78654500 748 m,L2 2.17 2.00 83.40 14.90 
40 78654500 749 UII, Ll 2.07 1.77 88.90 12.50 
41 78704500 750 m,Ll 1.01 2.01 69.90 8.60 
41 78704500 751 UI,L2 3.19 1.72 91.70 30.80 
42 78354430 834 UII, Ll 0.26 2.50 54.60 3.20 
42 78354430 835 UI,L2 2.83 1.88 90.70 25.40 
42 78354430 836 UI,Ll 3.07 1.72 93.30 30.40 
43 78404435 837 UI,L2 2.87 1.68 93.80 25.90 
43 78404435 838 UI,L2 2.63 2.05 86.80 23.90 
43 78404435 839 UI,Ll 1.16 1.81 75.30 7.20 
44 78654460 840 UI,L2 3.21 1.56 96.30 31.60 
44 78654460 841 UI,Ll 0.32 2.14 55.90 4.30 
45 78754470 842 UI,L2 2.03 2.19 79.60 14.50 
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Locality Grid Reference MVOsampie Sample Designation Median r WI %< ­Sorting Wt%< 
number number Diameter Coefficient lmm 0.063 mm 
(Mdf/J) (orP) 
45 78754470 843 UI, L2 (top 6.5 em) 2.34 1.82 92.00 19.10 
45 78754470 844 UI, L2 (basal 6.5 em) 1.63 2.57 70.70 14.80 
45 78754470 845 UI,Ll 0.58 2.04 61.20 5.80 
46 78954390 910 UI,L2 0.35 2.20 56.50 0.60 
46 78954390 911 UI,Ll 3.16 1.63 93.70 28.50 
47 79054410 912 UI, Ll (basal 18 em) 0.38 2.28 57.20 5.30 
47 79054410 913 UI, Ll (middle 15 em) 0.42 2.04 58.80 6.40 
47 79054410 914 UI, L1 (top 20 em) 1.41 1.80 80.90 9.00 
48 79254445 915 UI, Ll (matrix only) -2.45 2.48 20.80 0.60 
48 79254445 916 UI,L2 2.13 1.84 83.60 11.10 
48 79254445 917 UI, Ll (matrix only) -2.98 2.83 22.00 2.60 
49 77454545 
-
-
-
- - -
50 77404545 918 UI,L2 3.41 1.21 99.30 32.20 
50 77404545 919 UI,L2 3.62 1.38 98.20 40.90 
50 77404545 920 UI,Ll 3.29 1.46 97.80 30.30 
51 77354555 
-
-
- - - -
52 76854560 - - - - - -
53 77804560 921 UIII 4.20 0.78 99.40 62.50 
53 77804560 922 UI,L2 2.79 1.76 94.20 25.60 
53 77804560 923 UI,Ll 1.09 1.42 87.70 3.60 
54 78404570 924 UI,L2 2.53 1.39 98.70 15.50 
54 78404570 925 UI,L1 1.4 1.29 93.70 4.00 
55 77654565 927 UI,Ll 1.71 1.07 97.60 1.60 
55 77654565 928 UI,Ll 1.79 2.04 89.60 13.70 
55 77654565 929 UI,L2 4.03 1.06 97.80 51.80 
56 77804570 930 Ash sampJe from inside house 4.05 1.60 94.30 52.80 
57 77654510 931 Ash from floor (30 em depth) 2.32 1.90 73.50 17.50 
57 77654510 932 Ash 70 em height above ground 4.40 1.90 94.20 58.10 
57 77654510 933 Ash 1.5 m height 3.21 1.80 88.70 32.80 
above ground 
57 77654510 934 Ash 1.56 m height 4.60 2.00 95.70 62.40 
above ground 
57 77654510 935 Ash 1.86 m height 4.80 1.90 97.50 68.50 
above ground 
"------'---­""­
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Locality Grid Reference MVOsample Sample Designation Median Sorting Wt%< Wt%< 
number number Diameter Coefficient lmm O.063mm 
(Md¢) (cr¢i) 
57 77654510 936 Ash 2.31 m height 5.00 2.20 98.10 71.70 
above ground 
57 77654510 937 un,Ll 3.59 1.16 97.90 36.60 
57 77654510 938 UI,Ll 2.93 1.56 96.20 22.10 
57 77654510 939 UI,Ll 1.59 1.29 90.30 4.30 
57 77654510 940 UI,L2 3.30 1.38 98.10 31.20 
58 77454520 961 UI,Ll 2.87 1.82 92.40 26.80 
58 77454520 962 UI,L2 3.65 1.26 98.30 41.10 
59 77454475 -
- - - -
­
60 77754470 -
-
- - - ­
61 77404465 971 SDPDC 2.49 1.61 79.50 10.90 
62 77204535 972 UI,L2 3.44 1.24 98.60 34.20 
62 77204535 973 UI,Ll 2.68 1.48 99.30 20.60 
63 77154545 974 urn 4.24 0.83 99.20 65.80 
63 77154545 975 UI,L2 3.06 1.53 98.90 28.20 
63 77154545 976 UI,Ll 2.76 1.60 95.80 20.70 
64 76904550 977 UI,Ll 2.42 1.50 96.50 16.30 
65 78604435 978 ill, L2 (top 12 em) 2.20 2.05 82.10 14.00 
65 78604435 919 UI, L2 (middle 4 em) 3.56 1.62 94.50 39.80 
65 78604435 980 UI, L2 (basal 20 em) 1.56 2.25 72.30 14.10 i 
65 78604435 981 VI, Ll (top 30 em) 0.09 2.12 51.10 1.80 

65 78604435 982 UI, Ll (basal 20 em) -0.57 2.40 40.70 1.50 

65 78604435 983 VI,L2 1.57 1.99 76.00 8.50 

65 78604435 984 UI, Ll (top 10 em) 0.17 2.04 53.30 3.30 

65 78604435 985 UI, Ll (basal 10 em) -0.25 2.02 44.90 2.80 

66 78954470 986 UI, LI (top 30 em) -0.90 2.24 34.00 0.20 
66 78954470 987 UI, Ll (basal 30 em) -2.40 2.86 22.10 0.50 
66 78954470 988 UI,L2 2.20 1.75 89.80 12.90 
66 78954470 989 VI,LI 
-0.25 2.25 45.50 2.50 
66 78954470 990 SDPDC 1.30 1.82 75.30 5.10 
67 79704535 991 UI,Ll -2.51 2.69 19.20 0.20 
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Locality Grid Reference MVOsample Sample Designatioll Median Sorting Wt%< Wt%< 
number number Diameter Coefficient lmm 0.063 mm 
(Mdf/J) ((jf/J) 
67 79704535 992 UIl, Ll 2.44 0.65 100.00 1.60 
67 79704535 993 UI,LI -0.57 2.29 39.50 1.40 
68 80004545 994 UI,L2 2.70 0.92 99.80 6.90 
68 80004545 995 UI,Ll -0.63 2.19 38.10 0.80 
68 80004545 996 m,Ll -2.68 2.49 17.20 0.20 
69 79954455 997 m, Ll (matrix only) -4.86 2.20 8.60 0.10 
69 79954455 998 UI, Ll (matrix only) -5.09 1.94 8.60 0.40 
69 79954455 999 m,L2 0.44 2.14 58.20 4.30 
69 79954455 1000 UI,L2 2.10 1.98 84.00 15.40 
70 79354385 1007 m,L2 2.97 1.98 87.60 25.90 
70 79354385 1008 m,Ll -0.80 2.59 38.10 1.10 
71 79404415 1009 m,L2 3.81 1.12 97.70 44.10 
71 79404415 1010 UI,Ll -1.05 2.23 32.60 0.40 
72 79504570 1011 UII, Ll 0.06 2.95 50.90 2.70 
72 79504570 1012 UI, L2 (top 20 em) 2.86 1.53 94.80 19.70 
72 79504570 1013 UI, L2 (basal 20 em) 1.80 2.09 76.00 6.80 
73 79654560 1014 UII, L2 2.42 1.54 90.20 10.00 
73 79654560 1015 un, Ll 0.28 2.02 55.30 2.10 
73 79654560 1016 UI,L2 1.34 1.84 75.00 5.00 
73 79654560 1017 m,Ll 0.95 1.33 78.40 0.80 
74 78754550 1018 UII, Ll 1.21 1.79 79.30 7.40 
74 78754550 1019 m,L2 3.81 1.23 97.30 45.10 
74 78754550 1020 UI,Ll 1.48 1.53 85.50 6.20 
75 78804570 1021 UII, L2 2.41 1.67 90.40 11.90 
75 78804570 1022 m,L2 3.81 1.21 99.10 45.10 
75 78804570 1023 m,Ll 2.44 1.78 93.20 19.60 
76 80404345 1024 m,L2 2.62 1.97 95.50 20.70 
76 80404345 1025 UI,Ll 0.04 2.12 50.90 4.00 
77 83454520 518 SD PDC (basal 30 em) 1.07 2.60 66.10 4.70 
77 83454520 519 SD PDC (middle 35 em) 1.40 2.01 57.10 4.50 
. 
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wcality Grid Reference MVOsample Sample Designation Median Sorting Wt%< Wt%< 
number number Diameter Coefficient Imm O.063mm 
(Mdr/J) ( lYr/J) 
77 83454520 520 SD PDC (top 35 em) 1.71 1.99 78.70 8.50 
77 83204535 594 SD PDC Ul, L1 (basal 8 em) 1.32 2.13 71.80 5.10 
77 83204535 595 SD PDC UI, L2 (basal 30 em) 1.46 2.27 72.40 5.50 
77 83204535 596 SD PDC UI, L2 (basal 30 em) 1.55 2.16 74.60 8.00 
77 83204535 597 SD PDC (fine ash, 1.48 2.10 73.50 5.50 
. 
edge of deposit) 
77 83204535 598 SD PDC (2m above 4.66 1.20 100.00 71.20 
channel floor) 
77 83204535 599 SD PDC (overspill. forest floor) 1.09 2.12 68.60 3.60 
77 83204535 607 SD PDC (swash up on bend) 1.72 2.09 77.90 9.70 
77 83204535 608 SD PDC (2m above 3.49 1.49 96.70 35.50 
channel floor) 
78 82704585 609 SD PDC (centre of channel) 1.59 1.94 77.80 6.90 
78 82704585 610 SD PDC (2m above 3.41 1.58 97.60 32.50 
channel floor) 
79 81554555 611 SD PDC (5 valley wall) 1.I6 1.81 72.70 4.20 
79 81554555 612 SD PDC (S vaUey waU) 0.11 1.62 52.60 1.30 
79 81554555 613 SD PDC (S vaUey waIl) 0.63 1.91 63.10 3.40 
79 81554555 614 SD PDC (S vaIley wall) 0.94 1.54 74.90 2.20 
79 81554555 615 SD PDC (S valley wall) 
---
0.13 1.82 52.80 1.40 
~~ -~----------------------
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Appendix BI: STRATIFIED INERTIAL GRAVITY CURRENT DATA 
Time (seconds) and distance (em) for Series 1 experiments, Chapter 4. In this series of experiments the lower layer (LI) was kept at a 
constant salinity (10%), whilst the salinity of the upper layer (L2) was varied between 1 and 9% as outlined below1. 
Series 10% Ll 10%Ll 10%Ll 10%Ll 10%Ll 10% Ll 10% Ll lO%Ll 10%Ll 
1 1%L2 2%L2 3%L2 4%L2 5%L2 6%L2 7%L2 8%L2 9%L2 
Time Distance Distance Distance Distance Distance Distance Distance Distance Distance 
0 0 0 0 0 0 0 0 0 0 
3 72.7 90.0 - 99.3 83.8 98.1 100.3 104.1 102.6 
6 132.8 150.4 148.4 165.3 154.1 161.4 167.1 174 174.5 
9 187.6 203.6 208.3 228.5 213.7 221.4 227.7 238.9 241.6 
12 236 252.3 225.7 276.5 272.2 275.9 284.7 297.9 299.1 
15 279.5 298.2 301.4 321.4 324.1 324.5 310.2 347.7 349.9 
18 319.6 334.8 346.3 360.7 366.7 371 375 396 397.4 
21 353.4 366.4 382.1 396.5 397.8 402.3 416.3 438.2 442.8 
24 389 399.4 412.4 431.6 433.5 439 454.2 478.9 483 
27 412.5 426.1 447.2 463.4 471.5 477.2 493.3 522.1 524.9 
30 441.2 455.8 478.6 493.3 505 510.8 527.6 559.9 566.6 
33 466.3 483.2 506.4 521.4 542.6 550.2 563.3 . ­
36 492.3 508.5 531.7 551.1 - - - - ­
39 5l3.6 530.4 560.1 - - - - - ­
42 557 557.0 
- - - - - - ­
-
1 The mass of salt, g' and densities of salt solutions are given in Appendix BI, pg 258 
AppendixBI 255 LucyJ.Ritchie 
--
~""",""~,,,~,~"~;>,,<t;_,,,..,,,,,,_,.,,,~,,-,~,,,,,~ ,,_,_-"-.• ""IIIlI ~'. ~.___""~.,."""._'"\&.;_,' -- ..-----,~-----< 
Appendix BI: STRATIFIED INERTIAL GRAVITY CURRENT DATA 
Time (seconds) and distance (cm) for Series 2 experiments, Chapter 4. In this series of experiments the total salinity content behind 
the lockgate was kept constant, whilst the individual lower (LI) and upper (L2) layer salinity varied as detailed below2. 
Series l1%LI 12%Ll 13%Ll 14%L1 15% L1 16% L1 17% L1 18% L1 19%Ll 
2 9%L2 8%L2 7%L2 6%L2 5%L2 4%L2 3%L2 2%L2 1%L2 
Time Distance Distance Distance Distance Distance Distance Distance Distance Distance 
0 0 0 0 0 0 0 0 0 0 
3 105.8 111.6 107.6 98.3 106.3 106.3 119.9 130.1 109.9 
6 184.4 185.3 179.3 174.5 184.4 187.6 189.8 193.7 192.7 
9 239.2 242.2 245.5 236.3 250.6 253 253.2 256.4 262.4 
12 294.3 305.3 304.1 300.8 306.9 308.5 303.6 315.2 313.6 
15 347.4 356.4 355.4 347.8 353.7 358.9 347.2 360 360.9 
18 393.6 415.5 400 387.9 399.5 397.9 393.4 397.3 401.8 
21 442 446 441.6 427.3 439.4 437.2 432.1 436 441 
24 490.8 486.9 478.6 463.7 477.3 472 462.9 468.6 475 
27 533.9 522.8 511.7 497.4 501.3 505.3 489.7 498.2 506.8 
30 568 558.9 557.2 535 544.2 540.8 517.2 526.7 523.5 
33 - - - - - - 543.6 553.9 561.3 
2 The mass of salt, g' and densities of salt solutions are given in Appendix BI, pg 258 
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Appendix BI: STRATIFIED INERTIAL GRAVITY CURRENT DATA 
Time (seconds) and distance (cm) for Series 3 experiments, Chapter 4. The salinity of lower (Ll= 10 %) and upper (L2=l %) layers remained constant, and the 
thickness of layers was varied (Ratio: h/H, where h is thickness of lower layer and H is thickness of both layers).3 
~---
Series 3 hIH=O.9 hIH=O.8 hIH=O.7 hIH=0.6 hIH=O.S hIH=O.4 hIH=O.3 
Time Distance Distance Distance Distance Distance Distance Distance 
L 0 0 0 0 0 0 0 0 
I 3 98.6 95.0 102.1 98.5 72.7 86.3 86.3 
6 165.2 163.5 165.1 157.9 132.8 149.0 140.5 
9 227.3 226.0 227.2 215.8 187.6 203.8 198.2 
12 292.6 288.8 285.6 275.8 236.0 244.2 226.6 
15 342.2 339.8 335.8 319.0 279.5 279.6 259.5 
18 392.0 385.0 377.0 359.4 319.6 314.9 290.4 
21 434.1 424.3 414.5 393.5 353.4 347.5 315.3 
24 475.4 463.6 454.4 428.2 389.0 376.4 339.9 
27 513.2 494.7 484.0 456.9 412.5 401.3 363.0 
30 541.9 524.5 513.7 482.9 441.2 423.9 384.3 
33 553.8 539.4 509.8 492.3 447.7 401.3-
36 - - 565.9 532.3 513.6 468.4 421.5 
39 - - - 555.0 535.5 486.5 441.5 
42 - -
- -
557.0 506.9 462.6 
45 - -
- - -
524.0 486.3 
48 - - - - - 541.2 508.7 
51 - -
- - -
558.5 527.7 
54 - - - - - - 548.7 
57 - - - - - - 569.2 
60 - - - - - - -
63 - - - - - - -
66 - -
- - -
-
-
69 - - -
- -
-
-
72 - -
- - - -
-
-
hIH=O.2 
Distance 
0 
78.0 
128.2 
185.6 
197.7 
229.0 
257.3 
277.8 
301.7 
324.2 
346.5 
366.6 
389.4 
411.2 
431.0 
451.9 
473.3 
492.2 
512.4 
529.9 
549.6 
566.7 
-
-
-
hIH=O.l 
Distance 
0 
64.9 
97.2 
132.6 
160.2 
184.9 
211.2 
230.5 
252.2 
277.5 
299.2 
318.5 I 
344.6 
366.4 
396.7 
401.7 
425.4 
440.5 
462.1 
478.8 
498.4 
514.1 
529.8 
549.0 
564.6 
3 The mass of salt, g' and densities of salt solutions are given in Appendix BI, pg 258 
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Appendix BI: TABLE OF NACL SALT PARAMETERS 
Mass of salt, g', and densities for corresponding A % used 
in all three experimental series, Chapter 4. 
A%l Mass of g' (ms':':) Density, 
NaCe (9) p(kgm') 
1 10.1 0.0698 1005.3 
2 20.4 0.1405 1012.5 
3 30.9 0.2103 1019.6 
4 41.7 0.2811 1026.8 
5 52.6 0.3518 1034.0 
6 63.8 0.4236 1041.3 
7 75.3 0.4953 1048.6 
8 87.0 0.5671 1055.9 
9 98.9 0.6398 1063.3 
10 111.1 0.7125 1070.7 
11 123.6 0.7852 1078.1 
12 l36.4 0.8599 1085.7 
13 149.4 0.9336 1093.2 
14 162.8 1.0083 1100.8 
15 176.5 1.0840 1108.5 
16 190.5 1.1597 1116.2 
17 204.8 1.2363 1124.0 
18 219.5 1.3140 1l31.9 
19 234.6 1.3916 1139.8 
20 250.0 1.4702 1147.8 
1 A% is Anhydrous weight percent 
2 Mass of salt to be added to 1000 ml of water to give a solution of A % salinity 
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Appendix BII: PRELIMINARY THEORETICAL MODELING OF STRATIFIED 
INERTIAL GRAVITY CURRENTS 
This initial scaling theory is based on the adaptation of fundamental theories for 
the slumping region of inertial gravity currents. The theory was developed with 
the help of Professor A.W. Woods at the BP Institute, Cambridge. 
t=O 
u 
(g') reduced gravity hL depth of lower layer L length travelled by current 
gL' lower layer hu depth of upper layer U speed of current 
gu' upper layer H depth of tank a fraction ofupper layer 
gH' Combined current h depth of current incorporated into the current 
Figure 1: Description of theoretical parameters used in modelling. 
For a two layer density stratified current in the inertial regime, the reduced gravity 
of the head of the combined current, gH', is composed of all of the lower layer plus 
a fraction of the height and reduced gravity (a) of the upper layer, that is given by 
the relationship; 
, g'lhl +agu' h. (1)gEl = 
h+fXh. 
259 
AppendixB Lucy.J.Ritchie 
Where (hI) and (hu) are the heights of the lower and upper layers and g/ and gu', 
the reduced gravity of the lower and upper layers respectively. These 
relationships are illustrated in Figure 1. The volume of the head of the current (V) 
is given by the equations; 
(2 &3)V=Lh; 
where (La) is the length of the lockgate and (L) is the distance travelled by the 
current. The speed of the head of the current is given by the equation; 
(4) 

where Fr is the Froude number and h is the total thickness of the current. By 
substituting equation (2) into (4) (replacing h with VIL) we get; 
0U =Fr((ga'V)h.) (5) 
The speed of the head of the current, U, is equal to a change in distance over 
change in time ::: dlldt, therefore; 
(6)0- dl ::: Fr((gH'V)/i) 
dt 
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Integrating equation (6) by separation of variables gives; 
(7) 
(8) 
Where K is the constant of integration. Rearranging equation (8) gives; 
3/ 3 1/ 
[J2 =-Fr(gH'V)12t+A (9)2 
where A is 3/2 x K. Before the current is released, we set t=O and L=Lo and so it 
follows from equation (9) that; 
3/ 3 1/ 
[J2 = -Fr(gH'V)72 0+ A (10)2 
Lo3/2 is defined as A, so putting the new value of A into equation (10) gives the 
following for all values of t; 
3/ 3 1/ 3/ 
I!2 = - orFr(gH'V)l2 t + L072 0. =lFr~(gH'V)(t)+Lo~
2 2 
(11) 
By plotting L3n against t, the data are expected to collapse onto straight lines (Figs 
2a and 2b). The gradient of this best fit straight line is defmed by the following 
relationship from equation (11); 
gradient = lFr~(gH'V)
2 
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From this we can then evaluate (gH'V), assuming that Fr =1.19. The variable a in 
equation (1) are estimated in equations (12) and (13). 
gH'V = Lo(g/ h +ag/ h,,) (12) 
gH'V =Logt'h(1 +aRS) (13) 
Where G= gu'/g{ and S= hulhl (Fig. 1). By plotting the results from equations (12) 
and (13) (Fig. 3) against R we can then get an estimate of u as a function of G 
(Fig. 4). This theory shows that for constant S, G should be some function of u. 
As G decreases (i.e. density contrast goes up) u also reduces. 
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Figure 2a: Time elapsed (s) versus L312 (em) for Series 1 currents after the slumping 
phase. Lines ofbest fit are displayed on the graph along with their equations. 
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Figure 2b: Time elapsed versus L312 (em) for Series 2 currents after the slumping 
phase. Lines of best fit are displayed on the graph along with their equations. 
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Appendix CI: SANTORINI LOCALITIES, SAMPLE DESCRIPTIONS AND GRAIN SIZE STATISTICS 
Median SortinglLocaiity Wt%< '-Vt % <Name 2Grid Reference Sample number 3Sample description diameter Coefficient
number lmm O.063mm(Md(J) (a¢) 
la Cape Aspronisi 53372536 I US2-B upper 40-50 cm -3.58 1.59 3.80 1.00 
1a Cape Aspronisi 53372536 2 US2-B lower 10 cm -3.38 \.52 4.20 0.60 
I la Cape Aspronisi 53372536 24 US2-C lower 10 em 0.44 1.83 60.00 3.80 
, Ib Cape Aspronisi 53572580 - - - - - ­
2a 4Akrotiri quarry 58552600 3 US2-B lower 20 em -3.30 1.86 12.0 1.80 
-
2a Akrotiri quarry 58552600 4 US2-B upper 20 em -4.16 1.43 8.00 1.60 
2a Akrotiri quarry 58552600 22 US2-C, centre of channel -1.11 2.89 36.60 5.40 
2a Akrotiri quarry 58552600 23 US2-C, limb of channel 0.76 2.59 62.10 670 
2b Akrotiri quarry 58502572 II US2-B upper 20 em -3.69 1.91 11.90 0.60 
2b Akrotiri quarry 58502572 12 US2-B lower IS em -3.47 1.12 0.70 0.20 
2e Akrotiri quarry 58402600 15 US2-C lower 8 em 0.47 2.01 59.30 3.80 
2e Akrotiri quarry 58402600 16 US2-B upper 10-15 em -\.80 2.36 27.10 1.60 
• 
2e Akrotiri quarry 58402600 17 Fine grained lens within US2-B -0.83 2.10 36.70 2.30 
2c Akrotiri quarry 58402600 18 US2-B upper 12 em -3.41 1.41 7.10 0.60 
2c Akrotiri quarry 58402600 19 US2-B lower 10 em -3.20 2.00 12.50 2.00 
2e Akrotiri quarry 58402600 20 US2-B upper I 2 em -3.46 2.76 20.40 2.00 
2e Akrotiri quarry 58402600 21 US2-B lower 10 em -3.32 1.82 9.70 2.30 
2d Akrotiri quarry 58362560 - -
-
- -
­
2e Akrotiri quarry 58562564 - - - - - ­
2f Akrotiri quarry 58482604 - - - - - ­
2g Akrotiri quarI}' __ 58482568 - - - - ­
-------- -'--------------- --- --- - - ­
I See Figure 5.2 for locality designation. 

2 Grid references refer to the 1:20,000 Regional Geological map of the Santoril1i Islands, Greece (Co-ord: E25°25'; N36°23'). In: Druitt el al. (1999), Geological 

Society, London. 

3 US2-A- Upper Scoria 2, Unit A, US2-B- Upper Scoria 2, Unit B, US2-C- Upper Scoria 2, Unit C. 

4 See Figure 5.11a for a more detailed map ofloealities within Akrotiri quarry. 
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